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ABSTRACT
Proper bonding between pavement layers is essential to provide a monolithic pavement structure
that allows distribution of loading over a larger area. Inadequate interface bonding may cause
debonding or shear failure at the interface due to the accumulation of concentrated tensile
stresses at the bottom of the overlay. Tack coat, a light application of asphaltic cement emulsion
is applied on the existing surface to create a strong adhesive bond between pavement layers. The
objectives of this study are to investigate the effects of various factors affecting bond strength
between hot-mix asphalt (HMA) overlay and underlying pavement layers in the field. Effect of
interface bonding on the short-term pavement performance was also evaluated. To achieve the
objectives, a list of candidate HMA field rehabilitation projects was identified across the United
States representing different traffic and environmental conditions. The experimental program
encompassed ten field projects in six states to quantify the effects of the selected variables. These
projects included rehabilitation of new, existing and milled HMA pavements, and PCC
pavements. Each field project involved at least one slow setting and one rapid setting nontracking tack coat materials. The HMA overlay construction used different types of tack coat
materials at various residual application rates. Specimens were cored from the evaluated test
sections at different service times to determine the interface shear strength (ISS). Results of this
study showed that ISS was largely dependent on the type of pavement surface (i.e., HMA vs.
PCC) receiving tack coat and pavement surface texture (i.e., milled vs. non-milled). In general,
milled HMA surface yielded the highest ISS, followed by new HMA, existing HMA, and PCC
surface types. Non-tracking rapid setting tack coats with stiff base asphalt cement exhibited the
highest ISS compared to slow setting tack coats. With respect to the effect of service time, ISS
increased with service time due to tack coat curing effect and densification of overlays.
Laboratory measured ISS values correlated well with the short-term cracking performance of
field pavements. Furthermore, the predicted ISS obtained from the proposed models were in
good agreement with the measurements, and the developed nonlinear model showed better
prediction accuracy than the linear model.
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CHAPTER 1: INTRODUCTION
1.1 Background
Transportation network plays a vital role in the development of America’s national
economy. At the macroeconomic perspective, transportation accounts between 6 and 12
percent of the Nation’s Gross Domestic Product (Rodrigue et al., 2017). The 2017 Report
Card of American Society of Civil Engineers showed a “D” grade for America’s roads,
which is below average grade “C”. Asphalt pavement is one of the main building blocks in
the United States. According to the National Asphalt Pavement Association, the nation has
more than 2.7 million miles of paved roads and highways, where 94 percent roads are
surfaced with asphalt. Most of those are full-depth hot-mix asphalt (HMA) pavements,
while some of them are asphalt overlays on concrete pavements. An asphalt pavement is
composed of multiple layers or lifts such that they intend to work as a single system. Load
carrying capacity of asphalt pavements is brought by the load-distribution characteristics of
multilayer system, which is arranged by descending order of load bearing capacity from
highest quality material to lowest quality material. Moreover, the construction of HMA
overlays has been widely used as a cost-effective and swift pavement maintenance and
rehabilitation (M&R) treatment. However, placement of an overlay over HMA or Portland
Cement Concrete (PCC) pavements introduces a weak zone between the overlay being
placed and subsequent layers. Theoretically, stress distributions in a layered pavement
structure are highly affected by the degree of adhesion at the layer interface (Uzan et al.,
1978; Brown and Brunton, 1984). Roffe and Chaignon (2002) investigated the effect of
bonding on pavement service life and reported that a 60 percent reduction in design life
could be expected if there is no bonding between pavement layers. Additionally, King and
May (2003) concluded that fatigue life could be decreased by 50 percent if the bond is
reduced by 10 percent. Pavement performance depends not only on the strength of the
individual layers, but also on the bonding between adjacent layers. To ensure desired
bearing capacity and to improve structural integrity, multilayer pavement structure must
behave as a monolithic system (Zofka et al., 2015). Therefore, it is of essential importance
to ascertain the effects of various factors affecting interface bonding as well as pavement
performance.

1.2 Problem Statement
Adequate interface bonding in a multilayer pavement system is a key component for
satisfactory pavement performance and serviceability. Poorly bonded pavement layers
results in a significant reduction of shear and tensile strength of the pavement structure and
reduces pavement’s ability to transfer stresses due to traffic and environmental loading.
Therefore, if the interface cannot provide sufficient strength to withstand stresses, shear
failure may occur at the interface, especially in areas of high horizontal stresses due to
acceleration or deceleration. Lack of adequate bond strength may cause delamination or debonding at the interface, which may also accelerate the occurrence of other distresses, such
as slippage, shoving, longitudinal wheel path cracking, early fatigue cracking, rutting,
bleeding and potholes. Tack coat is a light application of asphaltic material to an existing
1

relatively non-absorptive pavement surface, and is able to provide necessary adhesive
bonding between old and new surfacing. The surface receiving tack coat can be HMA or
PCC pavement. Tack coat may also be applied between an HMA leveling course and
surface course. Historically, hot paving asphalt cement, cutback asphalt and emulsified
asphalt have been used as tack coats. However, emulsified tack coats are generally favored
since it offers numerous benefits, such as ease of handling, economic, reduced energy
consumption, environmental impacts and improved safety. Development of proper bond
strength depends on the selection of an optimum tack coat material and application rate;
however, the selection is mainly made based on experience and/or engineering judgment.
Quality control and quality assurance testing of tack coat materials are rarely performed.
Most importantly, it is the residual amount of asphalt, not the quantity of diluted asphalt
emulsion that should be specified in tack coat applications. Pavement surface with different
condition (e.g., new, existing and milled HMA, and grooved or cracked PCC) may require
different application rates to achieve adequate interface bonding. Inadequate bond strength
is a direct result of improper tack coats application. Excessive tack coat may weaken the
interface by introducing a slipping plane and promote shear slippage as they act as a
lubricant instead of a bonding agent. It may also cause compaction difficulties during
construction due to movement of the HMA layer under heavy weight of compactor. In
contrast, insufficient tack coat may result in high tensile stresses at the bottom of the overlay
due to poor interface shear resistance.

1.3 Research Objective
The research objectives of this study are as follows:





Evaluate the effects of tack coat material types, pavement surface types, pavement
surface characteristics, residual application rate, structural condition and service time
on interface bond strength in different traffic and climatic conditions;
Investigate the effect of interface bonding on short-term pavement performance, and
relate observed tack coat field performance to the outcome of experimental results;
Evaluate and validate AASHTO TP 114 test method and criterion to support its
potential implementation;
Develop and validate a predictive model to estimate interface bonding between HMA
overlay and the underlying pavement layer.

1.4 Research Scope
To achieve the objectives, a list of candidate HMA rehabilitation projects was selected
across the United States to represent different traffic and climatic conditions. The
experimental program encompassed ten field projects in six states to quantify the effects of
the selected variables. These projects included HMA overlays on new, existing and milled
HMA, and on PCC pavements. Only asphalt emulsions were used in this study, since it is
most commonly used in practice. Each field project contained at least one slow setting and
one rapid setting non-tracking tack coat materials, thereby creating one or more pairs of tack
coats for comparison. Effects of six types of emulsified tack coat materials (i.e., slow
setting: SS-1H, CSS-1H and SS-1, and non-tracking rapid setting: CBC-1H, CRS-1HBC
2

and NTSS-1HM) were evaluated on the aforementioned four pavement surface types;
however, the CRS-1HBC and SS-1 tack coat materials were only used on existing and
milled HMA surfaces. In some projects, each type of tack coat material was evaluated at two
residual application rates. Necessary field experiments and laboratory characterizations were
conducted, and a manual distress survey was performed to evaluate the short-term pavement
performance after one year in service. Furthermore, for adequate model development and
validation, data collected from these projects was complemented with the results from 17
comparable pavement sections from the recently completed NCHRP 9-40 study.

1.5 Research Approach
The research activities conducted in this study were divided into six tasks. A brief
description of each task is provided below:
Task 1: Literature Review
A comprehensive literature review of all published materials and ongoing research projects
was conducted to obtain latest information related to tack coat bonding mechanism in
pavement structure for both new HMA pavements and overlays on new, existing and milled
HMA, and for PCC pavements. This review involved identification of various factors
affecting interface bonding between pavement layers: (1) Tack coat materials; (2) Tack coat
application rate; (3) Tack coat curing time; (4) Pavement surface characteristics; (5)
Pavement surface condition; (6) Pavement temperature; and (6) Other construction and field
related issues. Review of currently available destructive and nondestructive test methods to
evaluate interface bonding was also performed in this task. Furthermore, special attention
was given to identify the advantages of strongly bonded pavement layers on pavement
performance.
Task 2: Development of Experimental Program
An inclusive experimental plan was developed in collaboration with the project panel to
evaluate the effects of selected variables. The experimental program investigated the
influence of a number of factors on the interface bond strength: HMA and PCC surface
types, surface characteristics, tack coat material type, residual application rates, service time
and structural condition. The effect of interface bonding on short-term pavement
performance was also investigated. Variables and their ranges were carefully selected based
on the state of practice of using tack coat materials. The research team contacted different
state DOTs to secure field projects for this study. Ten field projects that included 33 inservice test sections (i.e., 6 existing HMA, 10 new HMA, 11 milled HMA and 6 milled
PCC) were successfully identified in six states that represent different traffic and climatic
conditions as per research objective.
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Task 3: Conduct Approved Experimental Program
The research team conducted necessary laboratory and field experiments, as developed in
Task 2. During the course of the experimental program, tack coat distributor truck
calibrations and pavement surface texture measurements were performed in each field
project prior to construction of the test sections. Moreover, falling weight deflectometer
(FWD) test and visual distress surveys were performed both prior to and following to
overlay construction. The construction of HMA overlay used different types of tack coat
materials at various residual application rates between the overlay and underlying pavement
layers. In total, six types of emulsified tack coat materials (i.e., slow setting: SS-1H, CSS1H and SS-1, and non-tracking rapid setting: CBC-1H, CRS-1 and NTSS-1HM) were
evaluated. During construction, the quality and rate of tack coat application were evaluated,
and the tack coat materials were sampled to characterize in the laboratory. Laboratory
testing of extracted cores and the effects of selected variables on the interface bond strength
were evaluated.
Task 4: Performance Evaluation of Field Projects
As per the experimental program, the research team collected core specimens and performed
FWD testing at different service times to monitor field performance of tack coats in terms of
interface bonding. Moreover, a visual distress survey was conducted after one year in
service in order to evaluate short-term performance of field projects. The distress survey
included identification of slippage problems as well as rutting and cracking measurements.
Task 5: Perform Data Analysis
Necessary data analyses were performed to relate the observed tack coat field performance
to the laboratory experimental results, and to evaluate and validate the AASHTO TP 114
test method and criteria. An analysis of variance (ANOVA) was performed using the
measurements in Task 3 to determine the most influential factors that dictate the
performance of tack coat materials in the field. Furthermore, two types of statistical models
(i.e., linear and nonlinear) were evaluated using the most influential factors affecting
interface bonding.
Task 6: Conclusion and Recommendation
Finally, findings of this study were summarized, conclusions were drawn, and
recommendations were proposed for the best practice of using tack coat materials to assure
satisfactory pavement performance.

4

CHAPTER 2: LITERATURE REVIEW
This chapter presents a comprehensive literature review on tack coat interface bonding
mechanism that was conducted to identify various factors affecting bonding between
pavement layers. This review assisted in the development of experimental program.

2.1 Tack Coat Materials
Tack coat is usually an asphaltic emulsion composed of three basic ingredients: asphalt,
water and an emulsifying agent. According to ASTM D 8-02, tack coat (also known as bond
coat) is an application of bituminous material to an existing relatively non-absorptive
pavement surface able to provide necessary adhesive bonding between adjacent pavement
layers. These tack coats are typically polymer-modified or unmodified water-based asphalt
emulsions. Historically, performance-graded or hot paving asphalt cement, cutback asphalt
and emulsified asphalt have been used as tack coat materials. However, cutback asphalts, a
combination of asphalt cement and petroleum distillates (i.e., kerosene or diesel) are not
normally used due to numerous environmental concerns and loss of high-energy products
(Roberts et. al., 1996). Hot paving or performance-graded asphalt cements are not popular
for tack coat application, as they need to be fluid enough to spray and require immediate
application in front of the paver to avoid quick cooling. They are commonly used when a
geosynthetic interlayer is used and for new rubberized HMA overlays. Emulsified asphalt or
asphalt emulsion is a nonflammable liquid substance that is produced by combining asphalt
cement with water using emulsifying agents or surfactants (i.e., soap, dust and certain
colloidal clays). Emulsifying agents can act as a stabilizing agent, because asphalt globules
or droplets in emulsion should be dispersed in colloidal form during storage, mixing,
handling and pumping. Emulsified asphalt is the most widely favored as tack coat material,
since it offers numerous benefits, such as ease of handling, economic, energy saving,
reduced environmental impacts and higher personnel safety. Emulsified asphalts have
advantages over hot paving asphalts and cutback asphalts in that they can be used with cold
or heated aggregate, and with aggregate that is dry or damp. In addition, emulsified asphalt
does not need to be at an elevated temperature for proper application, and thus fire hazard is
eliminated, and setup is much quicker than cutback asphalt (Asphalt Institute, 2009).
2.1.1 Classification of Tack Coat Materials
Asphalt emulsions are typically classified based on their particle charge and setting
properties. According to ASTM D 977, two most commonly used types of emulsified
asphalts are anionic and cationic. An advantage of using ionic emulsion over nonionic
emulsion is that ionic emulsion offers fast and effective bonding when it is used with
aggregates that hold an opposite charge on the surface. In addition, cationic emulsions are
preferable to use in damp weather, since it is less sensitive to moisture and temperature.
Results of a worldwide survey indicated that cationic emulsions are the most frequently
used tack coat material (Roffe et. al., 2002). Both anionic and cationic emulsions are further
graded based on their setting properties. The type and amount of emulsifying agent in
emulsion control their setting rate. The emulsions currently available in practice are slow
setting (SS), medium setting (MS), rapid setting (RS), high float (HF), polymer modified (P)
5

and latex modified (L). Anionic grade emulsions are RS-1, HFRS-2, RS-2, MS-1, HFMS-2,
MS-2, MS-2H, SS-1 and SS-1H, and cationic grade emulsions are CRS-1, CRS-2, CMS-2,
CMS-2h, CSS-1 and CSS-1H (Roberts et. al., 1996). Rapid setting emulsions are commonly
used during night paving and cold weather region due to their quick setting time. Studies
have shown that slow setting grades (e.g., SS-1, SS-1H, CSS-1 and CSS-1H) and rapid
setting grades (e.g., RS-1, RS-2, CRS-1, CRS-2, CRS-2P and CRS-2L) are the most
common type of emulsions used as tack coats in the United States. Hot paving asphalt
cements (e.g., AC-20 and AC-30) and cutback asphalts are also occasionally used as tack
coat materials in some states (Paul et al., 1998; Cross et. al., 2004; Mohammad et al., 2009).
A recent worldwide survey by Mohammad et al. (2012) on the current state of tack
coat practices indicated that 100% responding agencies permitted use of asphalt emulsions,
and 27% and 20% responding agencies used performance-graded asphalt cement and
cutback asphalts as tack coats, respectively. The most commonly used emulsified asphalts
were SS-1 (41%), SS-1H (39%), CSS-1 (37%) and CSS-1H (41%). The most frequently
used hot paving asphalt cements and cutback asphalts were PG 64-22 (60%) and RC-70
(55%), respectively.
2.1.2 Tack Coat Dilution
Diluted emulsion provides additional volume at a given residual rate needed for the
distributor to function properly at low application rate while driving at normal speeds, and it
flows easily from the distributor at ambient temperatures allowing for a more uniform
application (Asphalt Institute, MS-22). An advantage of using slow setting grades over the
rapid setting grades is that they can be diluted. However, diluted slow setting emulsions are
not recommended for use in cold weather, because they may take several hours to break or
even days to completely set when compared to rapid setting emulsions. In addition, an
overlay tacked with slow setting emulsion and exposed to heavy traffic immediately after
construction could experience excessive slippage in a short period of time. Different state
DOTs have different opinions about tack coat dilution. Ohio DOT reported that only slow
setting emulsion should be diluted. However, Texas DOT recommends that emulsified tack
coats should not be diluted, if diluted, then must be diluted by the supplier not by the
contractor at the site.
2.1.3 Tack Coat Breaking and Setting Time
An asphalt emulsion is brown in color, as it contains asphalt cement, water and an
emulsifying agent. When the emulsified asphalt blends and reacts with the surface of
aggregates, water separates from the emulsion, and the color of the emulsion changes from
brown to black. Evaporation of water causes asphalt emulsion to “break” or “set” and to
create a continuous coating of asphalt on a pavement surface. The time required for breaking
of emulsion by separating water is setting time. In general, an asphalt emulsion takes 1 to 2
hours to completely set; however, the literature lacks consensus concerning how long a tack
coat should remain uncovered before placing the subsequent asphalt layer. The IBEF survey
indicated that the required time interval between application of a tack coat material and
placing of the next asphalt layer typically ranges from 20 minutes to several hours
depending on the type of tack coat (Roffe et. al., 2002).
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Literature lacks consensus on the importance of tack coat curing time. Paul and
Scherocman (1998) reported that many state DOTs specified a minimum time between tack
coat application and placement of HMA to provide adequate curing period for the emulsion
to break and set. Three state DOTs specified a maximum time that a tack coat could be left
before placement of asphalt concrete. Alaska DOT specified a maximum setting period of 2
hours for CSS-1 and a maximum of 72 hours for SS-1. Texas DOT specified a maximum of
45 minutes for SS-1 or MS-2. Four states indicated that paving is required on the same day
of tack coat application. It is generally recognized that an emulsion should completely set
before placing the next asphalt layer. By using both laboratory fabricated specimens and
field extracted samples, some studies also concluded that longer tack coat curing, traffic
loading and service time is advantageous to the interlayer bonding performance (Hachiya
and Sato, 1997; Sholar et al., 2004; Raab et al., 2012; Das et al., 2017). In contrast, other
studies (Lavin, 2003; USACE, 2000) indicated that there is no need to wait for curing since
water will evaporate immediately after placing the overlay. Experience has also shown that
new HMA can be placed on top of unset tack coat and even over an unbroken emulsion with
no detrimental effect on pavement performance. In Europe, the emulsified tack coat is often
applied to pavement surface underneath the paver just before placing the HMA overlay. In
the United States, this emulsion spray method is used in the Novachip™ construction
process (Estakhri and Button, 1995). Emulsified tack coats may also be applied on damp
pavement and/or in cold weather; however, the time required to set may increase.

2.2 Characterization of Interface Bond Strength
Several laboratory and field studies have been conducted to evaluate bond strength between
pavement layers and to characterize mechanism of failure at the interface. It was identified
that three basic modes of failures (i.e., shear, tension and torsion) can occur at the pavement
interface under traffic and environmental loading. Several methods, including laboratory
testing, nondestructive testing and theoretical analysis using field data, can be used to
evaluate the interface bonding between pavement layers. Moreover, several performancerelated test tools are currently available to assess the bonding characteristics of tack coat
materials. Each type of laboratory testing is intended to capture various interface failure
modes that may occur in actual field conditions. The direct shear test is the most used and
representative test to measure interface bonding between pavement layers. In some cases,
the direct tension test is also performed, because under service conditions, pavement
interface failure is caused by both shear and tension (Raab et. al., 2012). Characteristics of
paving variables, such as asphalt mixtures, tack coat material, application rate and tack coat
distributor truck, and construction or field related issues, such as pavement surface texture,
pavement surface condition, moisture condition, compaction, pavement temperature and
weather influence interface bonding performance. All these factors must be taken into
account during construction and/or placing of an overlay to achieve satisfactory long-term
pavement performance.

7

2.2.1 Tack Coat Application
The proper application of tack coat is important in high-quality asphalt pavement
construction. To guarantee proper interface bonding during construction of overlays, tack
coat materials are usually applied at interfaces. According to the Asphalt Institute, an
application of tack coat material is recommended when an HMA overlay is placed over an
existing HMA or PCC pavement surface. However, tack coat may not be required in the
cases where adequate bond strength can be developed, i.e., when an additional layer is
placed within two or three days of a freshly placed asphalt surface course that has not been
exposed to traffic (Asphalt Institute, 2009). In general, tack coats are typically polymer
modified or unmodified water-based asphalt emulsions. Mohammad et al. (2002) reported
that applying certain types of tack coat provided improved interface bond strength compared
to the cases without tack coat application. Further, non-tracking rapid setting tack coats
provided the highest bonding strengths, while CRS-1 yielded the lowest bonding strength.
Akhtarhusein et al. (2004) showed that the absence of tack coat severely hinders the
development of bonding between adjacent layers, which may result in undue slippage. Leng
et al. (2009) found that both performance grade (PG 64-22) and polymer modified slow
setting (SS-1HP) tack coat provided lower interface strains and better rutting resistance than
RC-70 cutback asphalt.
Many studies suggested that modified emulsions have the potential to improve
interface bonding significantly, followed by non-modified emulsions and non-tacked
interfaces (Hachiya and Sato, 1997; Sangiorgi et. at., 2002; Mohammad et al., 2012). In
contrast, some studies showed that the improvement of interlayer adhesion property is not
significant when the performance of tacked interface with various tack coat types is
compared with non-tacked interface condition (Collop et al., 2011; Canestrari et al., 2013).
In some cases, it was found that non-tacked interfaces seemed to exhibit even slightly higher
shear resistance in comparison with tacked interfaces with non-modified emulsions
(Mrawira et al., 1999; Canestrari et al., 2005). It has been experimentally shown that
modified emulsions yielded higher interface shear resistance than performance-graded
emulsions (West et. al., 2005), whereas other studies concluded that both interface
treatments had comparable maximum interface bonding (Mohammad et al., 2002). It should
be noted that these observations could be affected by differences in the asphalt products,
sample preparation techniques and the mechanical performance of the residual asphalt
cement (Canestrari et al., 2013).
A review of existing studies revealed the difficulties in selecting the optimal quantity
and quality of tack coat product to be applied at the interface. In particular, excessive tack
coat may weaken the interface by introducing a slipping plane instead of working as a
bonding agent, and may promote shear slippage as it can act as a lubricating agent. Further,
this situation may cause compaction difficulties during construction due to movement of the
HMA layer under heavy load of compactor. Furthermore, excessive tack may migrate into
an overlaying HMA mat, thus affecting mixture properties during construction. In contrast,
insufficient tack coat may result in high tensile stresses at the bottom of the overlay due to
poor interface shear resistance (Asphalt Institute, 2009).
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Many authors confirmed that an optimum amount of tack coat depends not only on
properties of the residual asphalt binder, but also on pavement surface characteristics,
mixture properties, temperature, and many other influencing factors (Hachiya and Sato,
1997; Sholar et al., 2004; Mohammad et al., 2002; West et. al., 2005). Therefore, all aspects
of tack coat application should be carefully considered and controlled during construction
for optimum pavement performance.
The selection of an optimum tack coat material and application rate is critical to the
development of proper interface bonding; however, currently, the selection is mainly made
based on experience and engineering judgment. It is also very difficult to achieve proper
application rate in the field while applied using tack coat distributor trucks. It depends on
several factors, such as controller type, spray bar width and height, truck speed, nozzle type,
application temperature, material type, truck operator and maintenance of the distributor
truck. Most importantly, it is the residual amount of asphalt not the quantity of diluted
asphalt emulsion that should be specified in the practice of tack coat application. It has been
widely recognized that different pavement surface types require different application rates to
produce the maximum interface bonding (Mohammad et al., 2012). Further, the amount of
tack coat to be applied in terms of residual asphalt content is a function of the existing
pavement surface conditions (Hachiya and Sato, 1997).
It has been widely accepted that tack coat optimum application rates vary with
pavement surface type, loading, asphalt mixture characteristics and service temperature
(Mohammad et al., 2012). Paul and Scherocman (1998) reported that the residual
application rates of the emulsions varied between 0.01 and 0.06 gsy depending on the type
of pavement surface receiving tack coats. Leng et al. (2009) reported that 0.05 gsy was
found to be the optimum residual application rate for the HMA-PCC interface. According to
the IBEF survey (Roffe and Chaignon, 2002), the residual asphalt content of tack coats
applied on conventional asphalt surfaces ranged between 0.02 and 0.09 gsy. The Asphalt
Institute specifications for tack coats reported that the total application rates ranged from
0.05 to 0.15 gsy for an emulsion diluted with water at 1:1 ratio, which is equivalent to
residual application rates between 0.02 to 0.05 gsy. Lower application rates are
recommended for new layers, while the intermediate range is for normal surface conditions
on an existing relatively smooth pavement. The upper limit is for old, oxidized, cracked,
pocked, and milled asphalt pavements and grooved or tinned PCC pavements. The residual
asphalt contents, as specified in the Hot-Mix Asphalt Paving Handbook, should be within
the range of 0.04 to 0.06 gsy. Open-textured surfaces require more tack coat than surfaces
that are tight or dense. Dry or aged surfaces require more tack coat than those that are fat or
flushed. A milled surface would require even more residual asphalt because of the increased
specific surface area, as much as 0.08 gsy. Only half as much as 0.02 gsy residual asphalt is
typically required for new HMA layers (Cross et. al., 2004). Ohio State reported that typical
tack coat application rates for various pavement types using slow setting asphalt emulsions
(e.g., SS-1, SS-1H) vary from 0.03 to 0.08 gsy.
The Asphalt Handbook states that the tack coat should be heated to the specified
temperature so that it is fluid enough for proper application. It must uniformly cover the
entire pavement surface and be cured readily prior to subsequent construction to generate
adequate interface bonding. Moreover, proper application of tack coats requires properly
calibrated application equipment. If the distributor has not been used for a while, the
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operator should place a trial tack coat application over some convenient, unused area to
assure that all of the nozzles are open and working properly. In addition, the distributor
application rate needs to be calibrated both in longitudinal and transverse directions using
the procedure described in ASTM D 2995. Operators should adjust the spray bar height
throughout the day depending on the amount of emulsion in the tank, truck speed, nozzle
configuration, and application pressure.
One perpetual problem often associated with tack coat application using distributor
trucks is tracking, which is removing tack-dirt mixture on the tires of construction vehicles
and equipment, thereby leaving existing pavement surface with little or no tack coat in the
wheel paths, where it is most important. Currently, there are many methods for addressing
the tracking problem. One method is to apply tack coat to pavement surface underneath the
paver just ahead of the screed, which can be achieved by using a special paver fitted with a
tack coat spray bar. A Material Transfer Vehicle (MTV) may also be used to address the
haul truck pickup problem. Further, the most effective solution to the tracking problem is
use of modified tack coat material that is free of stickiness or pick-up. An example of such a
tack coat material is a patented procedure called COLNET, developed by Colas in France.
The COLNET procedure was reported to allow immediate trafficking after spraying by
employing a clean-bond cationic asphalt emulsion (Colacid R 70 C) with very fast and
controlled breaking agents.
2.2.2 Pavement Surface Characteristics
Mechanical bonding between adjacent pavement layers is highly dependent on the
characteristics of existing pavement surface prior to the construction of overlays. It has been
experimentally confirmed that surface micro and macro texture of bottom layer seems to
play an important role in the development of proper interface bonding (Mrawira et al., 1999;
West et. al., 2005). By using ideal spherical aggregates, Raab et al. (2012) concluded that
higher adhesive strength between pavement layers is caused by better aggregate interlock. In
this regard, lower interlayer shear resistance can be related to lower surface roughness
(Santagata et. al., 1994). It was found that, for equivalent test conditions, milled surfaces
provided significantly higher interface bond strengths than non-milled surfaces due to high
surface roughness (Sholar et al., 2004; Tashman et. al., 2006). Mohammad et al. (2012)
showed that surface texture was observed to correlate well with the interface shear strength
test results, and milled HMA surface yielded the highest interface bonding, followed by
PCC, existing HMA, and new HMA. Akhtarhusein et al. (2004) reported that similar
pavement surfaces (AC-AC) yielded higher bond strength than different surfaces (ACPCC).
According to the Basic Asphalt Emulsion Manual (Asphalt Institute, 2009), the
pavement surface receiving tack coat must be clean and free of loose materials to obtain the
best bonding performance. Existing and milled HMA or PCC pavement surfaces can be
fairly dirty and dusty. Leng et al. (2009) reported that surface cleaning method had
significant influence on interface bonding between HMA-PCC pavements, and the direction
of tining have negligible effect on interface bonding. McGhee et al. (2009) showed that poor
interface bond strength is associated with unsound and/or dirty underlying surface. If the
tack coat is sprayed without properly cleaning or washing of existing surface, then tack may
adhere to the loose materials rather than working as an adhesive agent. Then the tracking
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problem can be exacerbated, and it is recommended to sweep the surface using a power
broom prior to tack coat application (Asphalt Institute, MS-22). Ohio State reported that
slippage cracking and delamination are typical distresses observed when tack coat is applied
without proper surface preparation. In summary, review of literature suggests that pavement
surfaces should be thoroughly cleaned prior to construction of overlays to ensure the best
possible interface bonding between layers.
2.2.3 Field Related Factors
Interface bonding between pavement layers and the effectiveness of tack coat materials can
be potentially influenced by several other field-related factors, such as temperature, tack
coat curing period, presence of moisture, mixture properties, as well as shear load and
loading rate. Many studies investigated the effect of temperature on interface bonding,
since asphalt cement is a thermoplastic material. Researchers reported that both interface
shear strength and shear stiffness are highly temperature dependent for interfaces with or
without tack coats (Tschegg et. al., 1995; Romanoschi and Metcalf, 2001; Canestrari et al.,
2005; Mohammad et al., 2012). Canestrari and Santagata (2005) stated that an increase in
shear resistance was observed with decreases in test temperature. Chen et al. (2010) and
Collop et al. (2011) reported that shear resistance and reaction modulus increased with
decreasing temperature and increasing normal stress. Further, results of repeated loading
showed higher fatigue life and greater sensitivity to shear stress level at lower temperature
(Collop et al., 2011). Tschegg et al. (1995) investigated fracture characteristics of interface
bonding between asphalt concrete layers at different test temperatures. Results of their
study reported plastic ductile fracture behavior of the bonding area at 10.5ºC; however, with
decreasing temperature linear elastic behavior was observed due to higher modulus of
elasticity at the interface caused by embrittlement of the tack coat.
Hachiya et al. (1997) and Sholar et al. (2004) conducted several field studies to
investigate the effect of tack coat curing period on interface bonding condition. They
reported that longer tack coat curing time yielded greater interface bond strengths. However,
the time interval between the construction of wearing course and binder course may
influence the interface bond strength due to accumulation of dirt at the interface (Hachiya et
al., 1997). Hence, insufficient tack coat curing and presence of contamination during
construction could lead to premature tack failures.
A few studies investigated the effect of moisture on interface bonding; however,
agreement is not reached among different authors. Sholar et al. (2004) experimentally
showed that presence of water (i.e., rainwater) on pavement surface prior to tack coat
application was potentially detrimental to the performance of asphalt mixture and could
reduce the interface bonding strength significantly. With respect to tack coat curing time,
the bonding at a wet interface may increase with time but not at the same rate when
compared to equivalent sections without water. Raab et al. (2012) reported that the presence
of moisture at the interface could reduce interface shear resistance. Further, the effect of
moisture at low temperature (-20ºC) was found to be critical in terms of interlayer bond
properties and led to weakening of pavement structure. Raab et al. (2012) revealed that the
influence of age and traffic volume below design limits is beneficial to the interface
bonding. Hence, traffic, in terms of vertical loading, influences bonding between pavement
layers. To identify the effect of traffic conditions, several studies investigated the effect of
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normal stress on the interface frictional performance. Uzan et al. (1978) reported that shear
resistance of the interface increased significantly with increasing normal stress and
decreased with increasing temperature. Canestrari and Santagata (2005) showed that the
dilatancy phenomenon was dependent upon the applied normal stress and temperature. An
increase in the applied normal stress caused increase in the peak shear stress with reduced
dilatancy. Similarly, many authors (Canestrari et. al., 2005; West et. al., 2005; Mohammad
et al., 2012) reported that interface bonding increased with increasing normal stress as a
result of improved frictional characteristics of the interface.
West et al. (2005) evaluated the effect of mixture properties on interface bonding. It
was reported that fine graded asphalt mixture (1/5-in. NMAS) exhibited higher bond
strength when compared with course graded asphalt mixture (3/4-in. NMAS). In contrast,
Sholar et al. (2004) showed that fine graded overlay mixtures were found to produce
significantly lower bonding strength than coarse graded mixtures. Leng et al. (2009) found
that 2/5-in. NMAS surface mixture yielded greater interface bonding than 3/4-in. NMAS
surface mixture on the HMA-PCC pavements. Chen et al. (2010) showed that dense graded
asphalt concrete yielded high shear resistance compared to open and gap graded mixtures.
Raposeiras et al. (2012) showed that surface macrotexture of different types of asphalt
mixtures influence the adhesive strength between pavement layers. Further, an increase in
film thickness led to decrease in peak shear stress and reaction tangential modulus.
Mohammad et al. (2012) reported that at high temperature ISS depends on mixture
characteristics not tack application rates. West et al. (2005) also investigated the
effectiveness of three distribution methods (i.e., hand wand sprayer, distributor truck spray
bar and NovachipTM spreader) in tack coat application. Results of this study showed that
the NovachipTM spreader tack coat distribution method yielded better interface bonding
performance than other application methods. Salinas et al. (2013) evaluated the effect of
two types of paving procedures (i.e., conventional paver and spray paver), and reported that
influences of paving procedures and cleaning methods on interface bonding were
insignificant.

2.3 Nondestructive Testing
Interface bond condition can considerably affect stress and strain distribution in a multilayer
pavement structure. In order to assess the magnitude of interface bonding nondestructively
using specialized devices, there have been a few attempts with various degree of success.
Al Hakim et al. (1999) used FWD deflection data for prediction of the bonding condition
between asphalt pavement layers. They reported that the FWD back-calculated stiffness was
lower than that measured in the laboratory. This difference was attributed to the fact that the
conventional back-calculation procedure assumes full bonding between asphalt concrete
layers. Results of theoretical analysis showed that assuming full bonding instead of actual
condition would change the back-calculated stiffness values of asphalt layers and sub-base
by up to 50 percent. To address this issue, the interface shear bond stiffness was considered
in a modified FWD back-calculation method. Further, improved bonding condition with
service time was reported after re-testing the evaluated test sections.
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The objective of the Strategic Highway Research Program 2 (Heitzman et al., 2013)
was to identify and develop rapid nondestructive (NDT) techniques to determine the extent
and depth of delamination and discontinuities in HMA pavements. Several NDT methods
including ground penetration radar, infrared thermography, mechanical wave methods, and
deflection measurement methods were evaluated. To predict the responses for debonding
and stripping, theoretical modeling was utilized for each test methods. Authors of this study
concluded that none of the NDT technologies could conclusively distinguish between
different types of pavement discontinuities. Results of FWD back-calculation showed that
pavement deflection changed with depth of delamination, and FWD time history data were
recommended as an NDT tool to identify pavement discontinuities.

2.4 Theoretical Analysis
A number of theoretical analyses were conducted to evaluate the advantages of strongly
bonded HMA overlays in a multilayer flexible pavement system (Uzan et al., 1978; Brown
and Brunton, 1984; Mohammad et al., 2012). The finite element method (FEM) is able to
provide more realistic and closer approximation of how a pavement responds to loading
compared to multilayer elastic theory analysis, because FEM can model complex systems
with fewer assumptions. In addition to vertical load, the development of a 3-D computer
program takes into account the horizontal shear stresses induced on the pavement surface
due to vehicle acceleration and deceleration. Several studies derived interface constitutive
models for characterizing the bonding condition of a pavement structure via numerical
simulation. The BISAR program considers the Goodman’s constitutive law for the surface
and base interface, which relates the shear stress at the interface to the difference in
horizontal displacements. In this model, shear stress is proportional to the difference in
horizontal displacements of the bonding layer. Uzan et al. (1978) reported that the interface
reaction modulus used in the Goodman model was independent of normal stress at the
interface. Crispino et al. (1997) proposed the use of the Kelvin model to predict the
viscous-elastic phenomenon of interlayer reaction under dynamic loading.
Romanoschi and Metcalf (2001) reported that, in the direct shear test, shear stress
and displacement were proportional until the shear stress equaled the shear strength and the
interface failed. Based on this observation, they proposed a constitutive model for the
asphalt concrete layer interface using three parameters: (1) the interface reaction modulus,
which is the slope of the shear stress-displacement curve, (2) the maximum shear strength,
and (3) the friction coefficient after failure. He concluded that the values of interface
reaction modulus and shear strength were not affected by normal stress for an interface with
a tack coat; however, they were affected for an interface without a tack coat. The study
showed that the interface bond might fail in fatigue, and that the permanent shear
displacement had a linear relationship with the number of load repetitions.
Mohammad et al. (2012) investigated the effects of interface shear bond
characteristics of tack coats on pavement response at the interface. Using the FE software,
ABAQUS Version 6.9-1, a detailed parametric study was conducted to investigate the effect
of system parameters including layer thickness and stiffness on the stress-straindisplacement fields induced in the pavement. A 2-D FE modeling approach incorporating
laboratory-measured bond characteristics of tack coats was performed to simulate the stress,
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strain, and displacement responses of composite pavement to wheel loading and to describe
the constitutive behavior at the interface. The pavement was modeled primarily as a layered
system of linear elastic materials with the capability of treating the surface asphalt layer as a
linear viscoelastic material. Anisotropy and temperature effects were incorporated in the FE
model. For the delaminating problem in a multilayered pavement, it was found that
decreasing loading rate and/or increasing overlay thickness would reduce maximum
interface shear strength. Maximum interface shear strength was identified at the edge of a
tire where both normal and shear stresses are applied to a pavement surface. After the
maximum interface shear stress is identified, it can be used to compare with the bond
strength obtained through simple direct shear testing, so that an appropriate tack coat
material can be selected.
Roque et al. (2017) examined the potential impact of interface debonding on nearsurface longitudinal cracking in the wheel path of asphalt pavements. A detailed FE
parametric study based on maximum tension and maximum Von Mises stress was
conducted to identify mechanisms of near-surface longitudinal cracking in an asphalt
pavement with localized interface debonding. Results of this study showed that bending
caused by repeated traffic can initiate a crack below the edge of the debonded area, which
can propagate to the surface due to traffic wander and thermal cycles. Further, it was found
that internal tension due to partially restrained dilation can result in a crack that propagates
upward through the more aged and less fracture tolerant mixture near the surface. Authors of
this study defined a critical zone (associated with high shear stress coupled with low
confinement) at a depth of about 2-in. and extending to 2-in. from the edge of the tire,
regardless of asphalt layer thickness.
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CHAPTER 3: EXPERIMENTAL PROGRAM
This chapter presents the experimental program to investigate the influence of a number of
factors on the interface bond strength: HMA and PCC surface types, surface characteristics,
tack coat material type, residual application rates, service time and structural condition. It
includes a brief description of each pavement project, overlay construction activities, field
experiment and the laboratory characterization program.
The Louisiana Interlayer Shear Strength Tester (LISST) was developed as part of the
NCHRP Project 9-40 study (Mohammad et. al., 2012) for characterizing the interface bond
strength using cylindrical specimens in the laboratory. The objective of this follow-up study
(NCHRP Project 9-40A) was to evaluate the LISST test method in order to support field
implementation of this device by state DOTs. Based on the results of the recently completed
study, a comprehensive experimental plan was designed to evaluate the effects of various
factors affecting interface bonding between new HMA overlay and underlying pavement
layers. Review of existing state of practice suggested that a number of factors influence the
interface bond strength between pavement layers including tack coat material type,
application rate, curing period, pavement surface type, pavement surface condition, and
pavement temperature. Responses from a worldwide survey indicated that the residual
application rate of emulsions typically varies from 0.02 to 0.08 gsy, depending on the type
of pavement surface receiving the tack coat material. As pavement temperature increases,
laboratory measured bond strength significantly decreases for all types of tack coat materials
and application rates. The most common types of emulsions used in practice for tack coat
application are slow setting and rapid setting grades of emulsions. Most states in the United
States use slow setting grades of emulsion for tack coat application.
The majority of research activities in this project were based on experiments
conducted in the field environment, such as calibration of the tack-coat distributor truck,
measurement of pavement surface texture and actual tack application rate, collection of
roadway cores and tack coat samples, non-destructive testing, and visual pavement distress
survey. In order to assess the effects of the selected test variables, field experiments were
conducted along with a number of laboratory experiments, including characterization of tack
coat residues and measurement of interface shear strengths. Since all experiments were
based on pavement test sections, descriptions of each project, overlay construction activity,
field experiment, and laboratory characterization are presented in the following sections.

3.1 Project Identification
The primary objective of the field study was to evaluate the effects of tack coat material
type, pavement surface type, and application rate on the interface shear strength (ISS) and
pavement performance during the first year of service. To quantify the effects of the selected
test variables, ten ongoing field rehabilitation projects were selected in six different states
based on different climatic zones and traffic conditions that included 33 in-service test
sections, Figure 1. Furthermore, a detailed checklist was developed and communicated
among the DOT staffs, material suppliers, and general contractors to ensure both uniform
and efficient execution of the experimental tasks in the field, Table A-25 in APPENDIX.
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Figure 1. Field Project Selection based on Climatic Zones

3.2 Project Description
The following sections present a brief description of each field project evaluated to identify
the effects of the selected test variables in different traffic and climatic conditions.
3.2.1 Missouri Project
The Missouri DOT (MoDOT) project was located in Cape Girardeau County, and consisted
of four types of pavement surfaces: milled HMA, new HMA, existing HMA, and PCC on
RT 61, MO 177 N, RT W, and MO 177 S, respectively. All of these tack coat test sections
were constructed at night, and were categorized as collector roads with an average annual
daily traffic (AADT) of 3,000. The weather was cool and cloudy on the day of tack coat
application and HMA overlay construction, and the air temperature was between 45ºF and
55ºF. For the overlay construction, two types of HMA mixtures (PG 64-22 and PG 58-28)
were used with 9.5-mm (2/5-in.) and 12.5-mm (1/2-in.) nominal maximum aggregate size
(NMAS). The HMA overlay was compacted to a thickness of 1.75-in., and the measured
compaction temperature was 165°F. The application rates specified by MoDOT and those
recommended by NCHRP 9-40 study were the same for each surface type. A power sweeper
vehicle was utilized to clean the pavement surface prior to tack coat application.
Table 1 presents the experimental factorial evaluated in this project. Two types of
emulsified tack coats (i.e., non-tracking rapid setting NTSS-1HM and slow setting SS-1H)
were used on each surface type, and were applied at a residual application rate of 0.05 gsy,
thereby yielding a total of eight test sections. Each section was approximately 1000 ft. in
length and 12 ft. in width. The application temperatures for NTSS-1HM and SS-1H tack
coats were 160°F and 140°F, respectively.
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Table 1. Experimental Factorial for the Missouri Project
Pavement
Surface Type
Milled HMA
New HMA
Existing HMA
PCC

Tack Coat
Material Type

Residual Application
Rate, gsy

SS-1H1

0.05

NTSS-1HM2

0.05

SS-1H

0.05

NTSS-1HM

0.05

SS-1H

0.05

NTSS-1HM

0.05

SS-1H

0.05

NTSS-1HM

0.05

Note: 1slow setting and 2non-tracking rapid setting tack coat material.
3.2.2 Louisiana Project
The Louisiana DOTD (LaDOTD) project consisted of two types of pavement surface:
milled HMA and new HMA on LA 30 and LA 1053, respectively. A description of each
project is provided.
The Louisiana LA 30 project was located in Lafourche Parish, and was categorized
as a state highway with an AADT of 11,000. Construction of the test sections was
performed at night. Overlay construction involved 1.25-in. milling of an existing asphalt
layer followed by placement of a thin leveling course (less than 0.25-in.), and then a 1.5-in.
HMA overlay using a 12.5-mm (1/2-in.) NMAS asphalt mixture containing PG 76-22M
polymer-modified binder. It was expected that the leveling layer would have an influence on
the interface bonding behavior; however, this is a realistic field scenario that would provide
insight for such a condition. The experimental factorial is shown in Table 2. The LaDOTD
specified application rate and NCHRP 9-40 recommended application rate were the same
for the milled HMA surface. Therefore, both types of emulsified tack coats (i.e., nontracking rapid setting NTSS-1HM and slow setting SS-1) were applied in the undiluted state
with a residual rate of 0.06 gsy.
Table 2. Experimental Factorial for the Louisiana (LA 30) Project
Pavement
Surface Type
Milled HMA

Tack Coat
Material Type

Residual Application
Rate, gsy

SS-11

0.06

NTSS-1HM

2

0.06

Note: 1slow setting and 2non-tracking rapid setting tack coat material.
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The Louisiana LA 1053 project was located in Tangipahoa Parish between US 51
and the Mississippi state line, and was categorized as a state highway with an AADT of
9,000. Construction of all the test sections was performed during daytime. This project
included a 1.5-in. HMA overlay on top of a 2-in. binder course. The overlay was
constructed using a 12.5-mm (1/2-in.) NMAS asphalt mixture that contained 14.3% RAP
and a PG 64-22 asphalt binder. Four types of tack coat materials (i.e., three non-tracking
rapid setting: two NTSS-1HM and one CBC-1H, and one slow setting SS-1H) were used on
a new HMA pavement surface. Table 3 presents the experimental factorial. Each type of
tack coat materials was sprayed at two target residual application rates for new HMA
surface, one specified by LaDOTD and one recommended by NCHRP 9-40 study
(Mohammad et al., 2012). Thus, a total of eight test sections were evaluated.
Table 3. Experimental Factorial for the Louisiana (LA 1053) Project
Pavement
Surface Type

New HMA

Tack Coat
Material Type

Residual Application
Rate, gsy

NTSS-1HM1

0.01, 0.02

CBC-1H1

0.02, 0.04

NTSS-1HM
2

SS-1H

1

0.02, 0.03
0.02, 0.03

Note: 1non-tracking rapid setting and 2slow setting tack coat material.
3.2.3 Florida Project
The Florida DOT (FDOT) project was located on State Route (SR) 415 in Volusia County
with an AADT of 28,000. The northbound inside lane of the two-lane roadway was assigned
for this project. The existing asphalt pavement (1.5-in. binder course) was constructed over
a 12-in. crushed limestone base using a 12.5-mm (1/2-in.) NMAS asphalt mixture. After one
year in service, a 1.5-in. wearing course was constructed utilizing a 12.5-mm (1/2-in.)
NMAS crumb rubber modified asphalt mixture. Table 4 presents the experimental factorial.
Two types of tack coat materials (i.e., non-tracking rapid setting CRS-1HBC and slow
setting SS-1H) were applied at two residual application rates based on FDOT specifications
and NCHRP 9-40 recommendations for an existing HMA surface, thereby yielding four test
sections. Two types of tack coat distributor trucks were used in the spray application (i.e.,
1993 Rosco Maximizer and 2000 Etnyre). The 1993 Rosco Maximizer used for the SS-1H
test sections had difficulties in achieving the low application rate of 0.02 gsy due to issues
associated with the nozzle type. Therefore, the resulting actual application rates in both SS1H tack coat sections were similar (i.e., 0.04 gsy). A distress survey prior to overlay
construction on the existing surface (binder course) showed no visible distress (i.e., rutting
and cracking).
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Table 4. Experimental Factorial for the Florida Project
Pavement
Surface Type
Existing HMA

Tack Coat
Material Type

Residual Application
Rate, gsy

CRS-1HBC1

0.02, 0.04

SS-1H2

0.04, 0.04

Note: 1non-tracking rapid setting and 2slow setting tack coat material.
3.2.4 Tennessee Project
The Tennessee DOT (TDOT) project was located on US Route 70S at Murfreesboro Pike
near Nashville International Airport. The estimated AADT was about 36,500, and the far
right westbound lane of the 5-lane pavement section was selected for this study. The
construction of test sections involved 1.25-in. milling of the existing asphalt surface,
followed by placing a thin leveling layer (less than 0.25-in.) and 1.25-in. HMA overlay.
Paving was completed at night using a 12.5-mm (1/2-in.) NMAS limestone mixture with PG
70-22 asphalt binder. Table 5 presents the experimental factorial. The experimental factorial
considered the effect of three types of tack coat materials (i.e., two non-tracking rapid
setting: CBC-1H and NTSS-1HM, and a slow setting: CSS-1H) on a milled HMA pavement
surface. The TDOT specified application rate and NCHRP 9-40 recommended application
rate for milled HMA pavement surface were the same. Therefore, three test sections were
evaluated.
Table 5. Experimental Factorial for the Tennessee Project
Pavement
Surface Type
Milled HMA

Tack Coat
Material Type

Residual Application
Rate, gsy

CBC-1H1

0.06

NTSS-1HM
CSS-1H2

1

0.05
0.05

Note: 1non-tracking rapid setting and 2slow setting tack coat material.
3.2.5 Nevada Project
The Nevada DOT (NDOT) project was located on US Route 95, north of IH 1075 near
Indian Springs with an estimated AADT of 12,000. The right lane of the two-lane highway
was selected. Construction of all tack coat test sections was performed during daytime. The
construction involved 1.25-in. milling of an existing HMA layer, and then replacing it with
a 3-in. 19-mm (3/4-in.) NMAS HMA overlay containing 15% RAP and PG 76-22 asphalt
binder. Table 6 illustrates the experimental factorial for this project. The experimental
factorial considered the effect of two types of tack coat materials (i.e., non-tracking rapid
setting CBC-1H and slow setting CSS-1H) on a milled HMA pavement surface. Each type
of tack coat material was applied at two residual application rates, one specified by NDOT
and one recommended by NCHRP 9-40 study. Thus, four test sections were evaluated.
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Table 6. Experimental Factorial for the Nevada Project
Pavement
Surface Type
Milled HMA

Tack Coat
Material Type

Residual Application
Rate, gsy

CSS-1H1

0.05, 0.07

CBC-1H2

0.03, 0.04

Note: 1slow setting and 2non-tracking rapid setting tack coat material.
3.2.6 Oklahoma Project
The Oklahoma DOT (ODOT) project was located on Classen Blvd./NW 10th Street in
Oklahoma City with an estimated AADT of 8,000. The outer and middle lanes of a threelane roadway were selected, and construction of all tack coat test sections was performed
during daytime. This project consisted of placing a 1.5-in. 12.5-mm (1/2-in.) NMAS HMA
overlay containing 12% RAP and 3% RAS on top of an existing milled PCC pavement.
Table 7 presents the experimental factorial. Two types of tack coat materials were evaluated
(i.e., non-tracking rapid setting CBC-1H and a slow setting CSS-1H). The ODOT specified
rate and NCHRP 9-40 recommended rate for PCC surface type were the same. Hence, each
type of tack coat was applied on the two test sections at the same target rate. Thus, four test
sections were evaluated.
Table 7. Experimental Factorial for the Oklahoma Project
Pavement
Surface Type
PCC

Tack Coat
Material Type

Residual Application
Rate, gsy

CBC-1H1

0.03, 0.04

2

0.07, 0.08

CSS-1H

Note: 1non-tracking rapid setting and 2slow setting tack coat material.

3.3 Tack Coat Application and Overlay Construction
All field projects utilized computerized tack coat distributor trucks for tack coat spray
application and conventional paving equipment for overlay construction. Six types of tack
coat materials (i.e., slow setting: SS-1H, CSS-1H and SS-1, and non-tracking rapid setting:
CRS-1HBC, CBC-1H and NTSS-1HM) were selected for evaluation on four pavement
surface types (i.e., new HMA, existing HMA, milled HMA and PCC). However, CRS1HBC and SS-1 tack coats were only used on existing HMA and milled HMA surfaces.
Each type of tack coat was initially planned to be applied at two target residual application
rates on each surface type, one rate as specified by each state DOT and the other one as
recommended by NCHRP Project 9-40. However, the specified rates were occasionally the
same as the ones recommended by NCHRP 9-40 study. The following tasks were performed
at each test section prior to and subsequent to construction of HMA overlays.
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3.3.1 Distributor Truck Calibration
Proper application of tack coat is highly dependent on properly calibrated application
equipment. Prior to the day of tack coat application, calibration of the computerized tack
coat distributor truck was performed in accordance with ASTM D 2995 (Method A),
Standard Practice for Estimating Application Rate of Bituminous Distributors, utilizing preweighed geotextile pads (12-in. by 12-in.) in both longitudinal and transverse directions.
Figure 2(a) presents a typical geometric layout of the calibration pads. Multiple trials were
required in the calibration process to ensure the target application rates were achieved, given
the restrictions at the construction site. During initial calibration trials, the actual application
rate was found to vary in some projects as much as 40% from the target rate. Both the owner
and the manufacturer of the distributor truck collaborated to identify the source of the
problem, and corrections were made prior to its use in the project. Application rates were
adjusted by altering the truck speed, and nozzle configuration and size. Truck operators also
needed to adjust the spray bar height depending on the amount of emulsion in the tank.
Figure 2(b) presents a typical pad layout used during distributor truck calibration in the
Louisiana Project. Table 8 shows a summary of calibration test results for all projects. All
distributor trucks used successfully met the ± 10% variation allowed by ASTM D 2995
(Method A), and the average coefficient of variation within individual measurement was
less than 15%, indicating reasonably uniform tack coat application. In some projects, two
distributor trucks were utilized in order to avoid the use of different emulsion charge (i.e.,
cationic and anionic) within the same distributor truck and to meet the construction
schedule.

(a)

(b)

Figure 2. Distributor Truck Calibration Pads: (a) Geometric Layout, (b) Field Layout
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Table 8. Summary of Distributor Truck Calibrations for All Projects
Tack Coat
Material Type

Project

Louisiana
Missouri
Florida
Nevada
Tennessee
Oklahoma

Total Application Rate, gsy
|Error|, %

COV, %

0.09

1

12

0.07

0.06

9

6

SS-1H

0.06

0.06

7

15

NTSS-1HM

0.08

0.07

9

13

CRS-1

0.06

0.05

9

6

SS-1H

0.06

0.07

8

12

CSS-1H

0.08

0.08

6

13

CBC-1H

0.07

0.07

7

10

CBC-1H

0.11

0.11

5

8

CSS-1H

0.06

0.06

7

15

CBC-1H

0.08

0.08

4

11

CSS-1H

0.11

0.10

8

8

Target

Measured

SS-1H

0.09

CRS-2

3.3.2 Pavement Surface Texture Measurement
Pavement surface macrotexture depth was measured before construction of the HMA
overlays in accordance with ASTM E 965, Standard Test Method for Measuring Pavement
Macrotexture Depth Using a Volumetric Technique, a test commonly referred to as the sand
patch test. Three tests were conducted within each test section. Glass beads of known
volume were spread on a clean and dry pavement surface, and four measurements were then
taken along the diameter of the formed circular plane, Figure 3. The Mean Texture Depth
(MTD) was calculated according to the following equation:

MTD 

4V
D 2

(1)

where,
MTD = mean texture depth of pavement macrotexture, in. (mm);
V = sample volume, in.3 (mm3); and
D = average diameter of the area covered by the material, in. (mm).
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(a)

(b)

Figure 3. Pavement Surface Texture Measurement: (a) Test Location, (b) Sand Patch Test
3.3.3 Pavement Surface Preparation
According to the Basic Asphalt Emulsion Manual (Asphalt Institute, 2009), asphalt may not
adhere to pavement surface unless the surface is completely cleaned. To prevent the HMA
overlay from sliding or delaminating, a dusty or dirty existing pavement surface must be
cleaned before any type of tack coat material is applied to the surface. Further, flushing of
water may be necessary when brooms are used to meet the clean air standard. Milling of
pavement surface generates considerable amount of dust and loose materials on the existing
pavement surface, Figure 4(a). To clean the existing pavement surface, a power street
sweeper or a rotary power broom were used in all field projects prior to tack coat application
to remove dust and/or any loose particles, Figure 4(b).

(a)

(b)

Figure 4. Pavement Surface Preparation: (a) Milling Machine, (b) Power Sweeper
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3.3.4 Tack Coat Application
Application of tack coat materials was performed directly after calibration of the distributor
truck and preparation of the existing surface. Six types of tack materials (i.e., slow setting:
SS-1H, CSS-1H and SS-1, and non-tracking rapid setting: CRS-1HBC, CBC-1H and NTSS1HM) were utilized. The tack-coat distributor trucks had a heated tank for holding tack coat
at the desired application temperature. A spray bar was fitted with specific type of nozzles
and mounted on the back of the distributor truck to provide uniform application coverage.
The total width of the spray bar was adjusted prior to tack coat application to provide full
coverage of a single lane. All emulsified tack materials were applied in the undiluted state.
Application rates were adjusted by varying the truck speed and nozzle type and size. Each
test section included a distributor truck access area. The lengths of the access areas were
selected to ensure that the distributor truck could attain the required speed in order to apply
the target tack-coat application rate. Distribution of tack coat materials was coordinated so
that the wheels of the distributor truck never came in contact with the tack coat material. As
stated earlier, some projects utilized two distributor trucks in order to avoid the use of
different emulsion charge within the same distributor truck and to meet the construction
schedule. Figure 5(a) presents a typical example of tack coat application. During
construction, the total application rate was measured in each field project in accordance with
ASTM D 2995 (Method A). Figure 5(b) presents a typical calibration pad layout utilized in
the field. The residual application rate was estimated for each type of tack coat using
Equation (2). Even though the distributor trucks were calibrated prior to tack coat
application, in some projects, the actual residual application rates in the field were different
from the target rates due to equipment and construction variability. Therefore, the ISS test
results were analyzed in relation to the actual residual application rates.
Residual Application Rate = Percent Residue × Total Application Rate

(a)

(b)

Figure 5. (a) Field Tack Coat Application, (b) Application Rate Measurement
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(2)

3.3.5 Overlay Construction
Subsequent to tack coat application and before placement of the HMA mixtures, sufficient
time was allowed for tack coat breaking and setting. Construction of the overlay was
performed using conventional paving equipment in each field project. Then, the overlay was
compacted to the specified thickness using a compactor at the specified compaction
temperature. Figure 6 shows selected activities during paving operation in the Oklahoma
project. Moreover, each lane was marked based on previously documented reference points
to identify the test sections for future reference. During construction of each overlay, site
information was collected using the form presented in the Table A-26 in Appendix.

(b)

(a)

Figure 6. Overlay Construction: (a) Conventional Paver, (b) Vibratory Compactor
3.3.6 Falling Weight Deflectometer Test
In all field projects, non-destructive evaluation of each test section was performed using
Falling Weight Deflectometer (FWD) testing equipment. The objective of FWD testing was
to assess change in deflection due to a new HMA overlay and in-service trafficking. The
FWD test uses an impulsive loading mechanism by dropping a set of weights from various
heights onto a pavement surface either by hydraulic or by mechanical means. Typically, the
applied maximum force is 16 kips. The applied impact force generates a deflection basin,
and the deflection become smaller as it locates further from the loading plate, Figure 7(a).
The vertical surface deflections in response to the impulse load are measured using a series
of sensors attached with the FWD equipment.
Figure 7(b) shows a Dynatest FWD equipment that was used for testing in the
Oklahoma project. Four hammer drops were utilized at four load levels (6-, 9-, 13-, and 18kips) at each test location. Vertical surface deflections were measured utilizing nine
geophones located at 0- (D0), 8- (D1), 12- (D2), 16- (D3), 20- (D4), 24- (D5), 28- (D6), 32(D7) and 36-in. (D8) from the center of the loading plate. In all field projects, a series of
FWD tests were performed throughout the test sections at 50 ft. intervals prior to and after
construction of overlays and at different service times. Pavement surface temperature was
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recorded during FWD testing. Since FWD tests were performed at different seasons, the
center deflection was corrected to 25°C based on the model developed by Park et al. (2002).
The following equations were utilized to determine the temperature correction factor.

w = 10

-C(H ac )( T To )

(3)

C   Ar  C o

(4)

where,
λw = temperature correction factor;
Hac = AC layer thickness, in. (mm);
T = pavement surface temperature, °C;
To = 25°C;
C = regression constant;
r = radial distance from the center of the load plate, in. (mm);
Co and A =Constants; and Co = 4.65E-5.

(a)

(b)

Figure 7. Falling Weight Deflectometer: (a) Deflection Basin, (b) Test Equipment
3.3.7 Sample Collection
Triplicate 5.91-in. (150-mm) diameter test specimens were collected at different service
times over a period of twelve months, Figure 8(a). Prior to ISS testing, cored samples were
trimmed using a saw with care to avoid any disturbance at the interface. Because water was
used as trimming solution, all samples were dried for a minimum of 48 hours at room
temperature. The dried samples were then placed in an environmental chamber at 25°C for a
minimum of four hours prior to ISS testing. The tack coat materials were sampled during
construction, and transported to laboratory for residue characterization, Figure 8(b).
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(b)

(a)

Figure 8. Sample Collection: (a) Roadway Coring, (b) Tack Coat Sampling
3.3.8 Distress Survey
Prior to overlay construction, a manual pavement distress survey was performed on the test
sections in accordance with the Distress Identification Manual for the Long-Term Pavement
Performance Program (Miller et al., 2003) to assess the existing pavement conditions. The
distress survey included rutting and cracking measurements. Furthermore, areas showing
significant distresses were excluded from future coring. Figure A-46 in Appendix shows
pre-distressed areas on an existing PCC pavement in the Oklahoma Project. To assess shortterm pavement performance of the test sections, another manual distress survey was
conducted at 12-months service of the overlay.
3.3.8.1 Cracking Measurements
Each test section was approximately 1000 ft. in length and 12 ft. in width. The performance
of the test sections in terms of cracking (i.e., longitudinal, transverse and reflective) was
measured based on the number of cracks observed within each test section. The crack
lengths were recorded in meters, and the observed cracks were classified based on their
severity levels (Miller et al., 2003), i.e., low (mean crack width ≤ 0.24-in.), moderate (mean
crack width > 0.24-in. and ≤ 0.75-in.), and high (mean crack width ≥0.75-in.). Figure 9(a)
shows a typical crack distress survey in a chart format. In the figure, location of a core is
noted in the interval between 220 and 230 ft., and a moderate crack is noted at 280 ft.
3.3.8.2 Rut Depth Measurements
Rut depths within each test section were manually measured using either a straight edge or
‘A frame,’ Figure 9(b), at 50 ft. intervals in both outer and inner wheel paths. The rut depths
were recorded in millimeters in a distress survey chart, and were classified based on their
severity levels (Lavin, 2003), i.e., low (mean rut depth ≤ 0.47-in.), moderate (mean rut depth
> 0.47-in. and ≤ 0.98-in.), and high (mean rut depth ≥ 0.98-in.).
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Lane Width, ft.

Distance, ft.

(a)

(b)

Figure 9. (a) Typical Distress Survey in Chart Format, (b) Rutting Measurement

3.4 Laboratory Characterization
Tack coat materials were sampled during construction, and field cores were collected at
different service times for laboratory characterization. The following section presents a brief
description of each test performed on tack coat materials and interface shear strength testing.
3.4.1 Rheological Testing and Performance Grading of Tack Coat Residues
Asphalt emulsion is composed of three basic ingredients: asphalt, water, and emulsifying
agent. Consistency of emulsified asphalt was measured using the Saybolt Furol viscometer
in accordance with AASHTO T 59, Standard Method of Test for Emulsified Asphalts.
Residual asphalt content of the emulsified tack coats was obtained by performing the
residue by evaporation test according to AASHTO T 59. Using this residue, a suite of
physical and mechanical tests was conducted to determine the rheological properties.
Penetration and softening point tests were performed on the original residual asphalt
according to AASHTO T 49, Standard Method of Test for Penetration of Bituminous
Materials, and AASHTO T 53, Standard Method of Test for Softening Point of Bitumen
(Ring-and-Ball Apparatus), respectively. The apparent viscosity of the residual asphalt
cement was measured at 135°C according to AASHTO T 316, Viscosity Determination of
Asphalt Binder Using Rotational Viscometer. Performance Grade (PG) of the residual
asphalt was determined according to AASHTO M 320, Standard Specification for
Performance-Graded Asphalt Binder. Three replicates were conducted in each test to allow
for statistical comparisons.
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3.4.2 Interface Shear Strength Testing
The interface shear strength test was conducted in accordance with AASHTO TP 114,
Standard Method of Test for Determining the Interlayer Shear Strength of Asphalt Pavement
Layers. The LISST direct shear-test device, Figure 10(a), was employed to characterize the
interface bond strength using cylindrical specimens (Mohammad et al., 2012). This device
consists of two main parts, a stationary reaction frame, and a shearing frame, which is
allowed to move freely under loading. A test sample is placed inside the frames and locked
in-place with collars. A monotonic shear load was applied on the shearing frame in the
actuator-displacement controlled mode at a constant rate of 2.54 mm/min (0.1 in./min) until
specimen failure. During testing, the time, displacement, and load data were continuously
recorded. A typical test result for the interface shear load versus displacement is shown in
Figure 10(b). The shear strength imposed on the interface can be calculated as follows:

ISS 

Pult
D 2
4

(4)

where,
ISS= interface shear strength, psi (kPa);
Pult = ultimate load applied to the specimen, lb (N); and
D = diameter of the test specimen, in. (mm).

2000

Interface Shear Load, lb.

Traffic
Direction

1600
Pult
1200
800
400
0
0.0

0.1

0.2

0.3

0.4

Displacement, in.

(a)

(b)

Figure 10. Interface Shear Strength Test: (a) the LISST Device, (b) Typical Testing Curve
of the Interface Shear Load versus Displacement
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CHAPTER 4: RESULTS AND ANALYSIS
The main objective of the field study was to evaluate the effects of tack coat material type,
application rate, and pavement surface type on interface bonding and pavement performance
during the first 12-months of service. For this purpose, ten field projects were selected in six
states that included 33 in-service test sections. Statistical analyses were conducted on ISS
test results, and are reported herein to ascertain the effects of tack coat material type,
application rate, and service time for each field project. Analyses of Variance (ANOVA)
with Least Significant Difference (LSD) and Tukey option were performed. Statistical
Analysis Software (SAS) was used for these analyses. A Type I error rate (α) of 0.05 was
used to identify any significant differences between the tested variables. Statistical
groupings obtained by each variable (i.e., tack coat material, application rate, and service
time) were designated by letters A, B, and C. The letter ‘A’ was assigned to the best
performer within a group, followed by ‘B’ and ‘C’. In addition, minimum and maximum
values of a property are represented by an error bar in figures shown below.

4.1 Rheological Properties of Tack Coat Materials
Six types of tack coat materials (i.e., slow setting: SS-1H, CSS-1H and SS-1, and rapid
setting non-tracking: NTSS-1HM, CBC-1H and CRS-1HBC) were evaluated on four types
of pavement surfaces; however, CRS-1HBC and SS-1 were only used on existing HMA and
milled HMA pavement surfaces. A suite of physical and mechanical tests was performed to
measure the rheological properties of the tack coat residues. Table 9 presents the tack-coat
residue characterization test results. The residual asphalt content of the evaluated emulsified
tack coats varied between 44 and 64%. The consistency tests performed were Saybolt Furol
viscosity, penetration, softening point, and rotational viscosity. The Saybolt Furol viscosities
of all tack coats ranged between 15 and 40 seconds, indicating that the emulsified tack coat
materials were thin enough to be sprayed uniformly using the distributor.
As shown in Table 9, a stiffer base asphalt binder was used for the non-tracking
rapid setting NTSS-1HM tack coat, which was evident from the rotational viscometer (RV)
test results for this type of tack coats. However, non-tracking rapid setting CBC-1H and
CRS-1HBC, and slow setting SS-1H and CSS-1H tack coat residues showed similar
penetration values that were within the range between 40 and 71 dmm. The SS-1 residue
was softer than SS-1H according to the penetration test, Table 9. As expected, the ranking of
the softening point test results was similar to those of the penetration tests. The Performance
Grade (PG) of the tack coat residues was determined according to AASHTO M 320,
Standard Specification for Performance-Graded Asphalt Binder. Rheological test results of
all emulsified tack coat residues are provided in Table A-27 through Table A-33 in
Appendix. The PG for non-tracking rapid setting NTSS-1HM tack coat residues was on the
high end since stiffer base asphalt cement was used. The CBC-1H, CRS-1HBC, SS-1H, and
CSS-1H residues were graded as either PG 70-22 or PG 64-22. The SS-1 residue was graded
as PG 46-28, indicating the use of relatively soft base asphalt.
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Table 9. Characterization of Emulsified Tack Coat Residues for All Projects
AASHTO Test Method
Project

Tack Coat
Material Type
1

Missouri
Louisiana
(LA 30)
Louisiana
(LA 1053)

SS-1H

T 59

T 59

T 49

T 53

M 320

RES, %

SFV, s

PEN, dmm

SPT, °C

PG

61.0

29.2

71.0

51.4

64-22

2

63.0

41.5

9.0

82.0

94-10

SS-1
NTSS-1HM2

64.1
54.3

32.7
34.2

102.0
9.0

43.5
78.1

46-28
82-10

NTSS-1HM2

43.6

16.0

8.0

78.3

94-4

CBC-1H
NTSS-1HM2
SS-1H1

51.7
57.1
57.8

15.2
16.2
25.1

40.3
8.7
45.3

56.4
72.5
55.8

70-16
88-10
70-22

SS-1H1

NTSS-1HM
1

2

60.0

23.5

50.3

52.5

64-22

2

59.3

19.5

68.4

50.2

64-22

2

NTSS-1HM
CBC-1H2
CSS-1H1

52.3
52.5
61.5

16.7
15.2
23.3

8.0
48.3
66.3

79.2
55.1
52.6

100-10
70-22
64-22

Nevada

CBC-1H2
CSS-1H1

59.1
48.1

18.0
16.4

58.3
53.0

52.0
52.2

70-28
70-22

Oklahoma

CBC-1H2
CSS-1H1

51.2
61.7

17.8
38.2

52.7
53.0

55.0
51.0

64-22
64-22

Florida

Tennessee

CRS-1HBC

Note: RES = Percent Residual, SFV = Saybolt Furol Viscosity, PEN = Penetration, SPT=
Softening Point, PG = Performance Grading; 1slow setting, and 2non-tracking rapid setting
tack coat material; dmm = 0.1 mm.

4.2 Pavement Surface Texture Depths
Pavement surface macrotexture depth was measured prior to overlay construction in all field
projects according to ASTM E 965, Standard Test Method for Measuring Pavement
Macrotexture Depth Using a Volumetric Technique, a test commonly referred to as the sand
patch test. Four types of pavement surfaces (i.e., new HMA, existing HMA, milled HMA,
and PCC) were evaluated. Three measurements were taken within each test section. Table
10 presents the mean surface texture depths (MTD) for each project including the averaged
MTD for different pavement surface types. As shown in the table, the milled HMA surface
exhibited the highest average MTD, followed by PCC, existing HMA, and new HMA. The
range of measured MTD values for each surface type is presented in the Table 10.
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Table 10. Surface Mean Texture Depths for All Projects
Pavement
Surface Type

Field Project

Surface
MTD, mm

Missouri

1.62

Louisiana

1.56

Tennessee

1.92

Nevada

1.83

Missouri

0.87

Louisiana

0.93

Missouri

0.99

Florida

0.96

Missouri

1.26

Oklahoma

1.61

Milled HMA

New HMA
Existing HMA
PCC

Average
MTD, mm

Measured
Range, mm

1.77

2.14-1.38

0.91

0.95-0.84

0.97

0.99-0.95

1.49

1.67-1.25

4.3 Interface Shear Strength Test Results
The interface shear strength test was conducted at a temperature of 25°C in accordance with
AASHTO TP 114, Standard Method of Test for Determining the Interlayer Shear Strength
(ISS) of Asphalt Pavement Layers. Triplicate samples were tested at each condition. A
summary of ISS test results for all projects including the average, standard deviation, and
coefficient of variation (COV) are presented in Table 11 through Table 17. It is noted that
the COV for ISS was less than 15% on an average for samples tested. Observed trends and
effects of the design variables are discussed in the following sections.
Table 11. Interface Shear Strength Test Results for the Louisiana (LA 30) Project
Pavement
Surface
Type

Milled HMA

ISS, psi

NTSS-1HM

SS-1

0.06 gsy1

0.06 gsy

0M

4M

12M

0M

4M

12M

AVG

80

82

118

38

37

71

STD

10

8

9

5

6

2

COV, %

13

10

8

13

16

3

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.
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Table 12. Interface Shear Strength Test Results for the Missouri Project
Pavement
Surface
Type

ISS, psi

NTSS-1HM

SS-1H

0.05 gsy1

0.05 gsy

0M

7M

12M

0M

7M

12M

AVG

76

80

85

75

77

88

STD

12

10

12

13

3

15

COV, %

16

13

14

17

4

17

AVG

59

94

122

40

46

56

STD

2

3

5

5

3

1

COV, %

3

3

4

13

7

2

AVG

40

48

52

28

33

37

STD

8

4

5

2

2

3

COV, %

19

7

9

8

8

8

AVG

23

28

40

19

22

29

STD

3

3

8

3

3

3

COV, %

13

11

20

16

14

10

Milled HMA

New HMA

Existing
HMA

PCC

Note: 1Residual application rate; 0M, 7M, and 12M indicate ISS at 0, 7, and 12 months,
respectively.

Table 13. Interface Shear Strength Test Results for the Louisiana (LA 1053) Project:
(a) NTSS-1HM (PG 94-4) Non-tracking Rapid Setting Tack Coat Sections
Pavement
Surface
Type

New HMA

NTSS-1HM
0.01 gsy1

ISS, psi

0.02 gsy

0M

4M

12M

0M

4M

12M

AVG

55

56

55

80

82

85

STD

6

8

6

6

7

11

COV, %

11

14

11

8

9

13

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.

(Table 13 Continued)
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(b) CBC-1H (PG 70-16) Non-tracking Rapid Setting Tack Coat Sections
Pavement
Surface
Type

New HMA

CBC-1H
0.02 gsy1

ISS, psi

0.04 gsy

0M

4M

12M

0M

4M

12M

AVG

41

71

97

66

93

115

STD

5

10

13

5

12

10

COV, %

12

14

13

8

13

9

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.

(c) NTSS-1HM (PG 88-10) Non-tracking Rapid Setting Tack Coat Sections
Pavement
Surface
Type

New HMA

NTSS-1HM
0.02 gsy1

ISS, psi

0.03 gsy

0M

4M

12M

0M

4M

12M

AVG

68

93

120

76

105

110

STD

8

12

9

4

7

13

COV, %

12

13

8

5

7

12

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.

(d) SS-1H (PG 70-22) Slow Setting Tack Coat Sections
Pavement
Surface
Type

New HMA

SS-1H
0.02 gsy1

ISS, psi

0.03 gsy

0M

4M

12M

0M

4M

12M

AVG

52

80

102

58

90

96

STD

3

6

10

6

4

4

COV, %

6

8

10

10

4

4

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.
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Table 14. Interface Shear Strength Test Results for the Florida Project: (a) CBC-1H Nontracking Rapid Setting Tack Coat Sections
CRS-1HBC
Pavement
Surface Type

Existing HMA

0.02 gsy

ISS, psi

1

0.04 gsy

0M

4M

12M

0M

4M

12M

AVG

26

56

56

46

69

74

STD

2

3

5

2

7

1

COV, %

8

5

9

4

10

1

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.

(b) SS-1H Slow Setting Tack Coat Sections
SS-1H
Pavement
Surface Type

Existing HMA

0.04 gsy1

ISS, psi

0.04 gsy

0M

4M

12M

0M

4M

12M

AVG

44

62

86

43

58

68

STD

2

7

11

1

2

8

COV, %

5

11

13

2

3

11

Note: 1Residual application rate; 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months,
respectively.

Table 15. Interface Shear Strength Test Results for the Tennessee Project
Pavement
Surface
Type

ISS, psi

Milled
HMA

AVG
STD
COV, %

NTSS-1HM

CBC-1H

CSS-1H

0.05 gsy1
3M
12M
126
133
17
11
13
8

0.06 gsy
3M
12M
106
127
14
11
13
9

0.05 gsy
3M
12M
96
107
9
12
9
11

Note: 1Residual application rate; 3M and 12M indicate ISS at 3, and 12 months,
respectively.
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Table 16. Interface Shear Strength Test Results for the Nevada Project: (a) CBC-1H Nontracking Rapid Setting Tack Coat Sections
Pavement
Surface
Type

Milled HMA

CBC-1H
0.03 gsy

ISS, psi

1

0.04 gsy

0M

10M

12M

0M

10M

12M

AVG

84

133

125

88

147

143

STD

10

13

5

11

15

20

COV, %

12

10

4

13

10

14

Note: 1Residual application rate; 0M, 10M, and 12M indicate ISS at 0, 10, and 12 months,
respectively.

(b) CSS-1H Slow Setting Tack Coat Sections
Pavement
Surface
Type

Milled HMA

CSS-1H
0.05 gsy1

ISS, psi

0.07 gsy

0M

10M

12M

0M

10M

12M

AVG

94

108

110

99

139

143

STD

10

14

9

7

9

13

COV, %

11

13

8

7

6

9

Note: 1Residual application rate; 0M, 10M, and 12M indicate ISS at 0, 10, and 12 months,
respectively.

Table 17. Interface Shear Strength Test Results for the Oklahoma Project: (a) CBC-1H
Non-tracking Rapid Setting Tack Coat Sections
Pavement
Surface
Type

Milled HMA

CBC-1H
ISS, psi

0.03 gsy

0.04 gsy

0M

4M

12M

0M

4M

12M

AVG

44

52

61

55

84

96

STD

6

9

6

9

10

17

COV, %

14

17

10

16

12

18

Note: 0M, 4M, and 12M indicate ISS at 0, 4, and 12 months, respectively.
(Table 17 Continued)
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(b) CSS-1H Slow Setting Tack Coat Sections
CSS-1H

Pavement
Surface
Type

0.07 gsy

ISS, psi

0.08 gsy

0M

4M

12M

0M

4M

12M

AVG

50

66

88

58

83

90

STD

4

9

14

8

12

9

COV, %

8

14

16

14

14

10

Milled HMA

4.4 Effect of Tack Coat Material Type on Interface Shear Strength
4.4.1 Missouri Project
Figure 11 presents the effect of two types of tack coats, i.e., non-tracking rapid setting
NTSS-1HM and slow setting SS-1H. Both tack coats were sprayed at same residual
application rates (i.e., 0.05 gsy) on four types of pavement surfaces: milled, new and
existing HMA, and PCC. The horizontal dashed line illustrates the minimum recommended
ISS threshold value. The NTSS-1HM tack coat provided higher ISS values than the SS-1H
tack coat at 0-month service (Table 12) for all types of pavement surfaces when other
factors were held constant. This may be attributed to the high stiffness or viscosity of the
non-tracking NTSS-1HM tack coat residue, Table 9. ANOVA analyses were performed
with LSD option to find any significant difference. The difference between ISS values were
not statistically significant for all types of pavement surfaces except for new HMA when
comparing NTSS-1HM with SS-1H, Figure 11.
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Figure 11. Effect of Tack Coat Material Type on ISS for the Missouri Project
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4.4.2 Louisiana Project
Figure 12 presents the effect of two types of emulsified tack coat materials (i.e., nontracking rapid setting NTSS-1HM and slow setting SS-1) on ISS at 0-month service. Both
tack coat materials were sprayed at 0.06 gsy residual application rate on a milled HMA
pavement surface. The SS-1 tack coat did not meet the minimum recommended ISS
threshold value of 40 psi at 0-month service, Table 11. The non-tracking NTSS-1HM
provided significantly greater bonding strength than SS-1, which can be attributed to the fact
that the base asphalt of the NTSS-1HM (PG 82-10) was much stiffer than that for SS-1 (PG
46-28), Table 9.
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Figure 12. Effect of Tack Coat Material Type on ISS for the Louisiana (LA 30) Project

Figure 13 shows the effect of four types of tack coat materials (i.e., three nontracking rapid setting: two NTSS-1HM and one CBC-1H, and one slow setting SS-1H) on
ISS on a new HMA pavement surface. Both NTSS-1HM tack coats provided the highest ISS
values, followed by SS-1H and CBC-1H, when other factors were kept constant, Table 13.
The mean ISS values of both NTSS-1HM materials were statistically greater than CBC-1H
and SS-1H when compared at 0.02 gsy residual application rate. As noted earlier, this may
be due to the high stiffness, viscosity, and softening point of the NTSS-1HM residues, Table
9. Further, the statistically similar performance of CBC-1H (PG 70-16) and SS-1H (PG 7022) tack coat materials may be attributed to the fact that both tack coat residues had
comparable rheological properties, Table 9.
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Figure 13. Effect of Tack Coat Material Type on ISS for the Louisiana (LA 1053) Project
(Note: NTSS-1HM Non-tracking Rapid Setting Tack Coats had 1 PG 94-4 and 2 PG 88-10)
4.4.3 Florida Project
This project evaluated two types of tack coat materials (i.e., non-tracking rapid setting CRS1 HBC, and slow setting SS-1H) on an existing HMA pavement surface. Figure 14 presents
the effect of tack coat materials on ISS at 0-month service. Both tack coat materials
provided statistically equivalent ISS when compared at 0.04 gsy residual application rate,
Table 14. This may be attributed to the similar rheological properties of both CRS-1 HBC
(PG 64-22) and SS-1H (PG 64-22) residues, Table 9.
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Figure 14. Effect of Tack Coat Material Type on ISS for the Florida Project
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4.4.4 Tennessee Project
This project evaluated three types of tack coat materials (i.e., two non-tracking rapid setting:
CBC-1H and NTSS-1HM, and a slow setting CSS-1H) on a milled HMA pavement surface.
Figure 15 presents the effect of tack coat materials on ISS at 3-months in service. All three
materials exhibited significantly higher ISS values than the minimum recommended ISS
threshold value, Table 15. This performance may be attributed to the combined effect of
high residual application rate and high surface MTD, Table 10. The non-tracking NTSS1HM provided the highest ISS among the three tack coats, when other factors were kept
constant; however, the effect of tack coat type on ISS was not statistically different, Figure
15. This performance may be due to the high stiffness, viscosity, and softening point of the
NTSS-1HM (PG 100-10) residue compared to CBC-1H (PG 70-22) and CSS-1H (PG 6422) residues, Table 9.
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Figure 15. Effect of Tack Coat Material Type on ISS for the Tennessee Project
4.4.5 Nevada Project
Two types of tack coat materials (i.e., non-tracking rapid setting CBC-1H, and slow setting
CSS-1H) were evaluated on a milled HMA pavement surface. Figure 16 presents the effect
of tack coat materials on ISS at 0-month service. Both tack coat materials exhibited
significantly higher ISS values than the minimum recommended ISS threshold value, Table
16. Both CSS-1H and CBC-1H provided similar (i.e., not statistically different) mean ISS
values when comparing CSS-1H at 0.05 gsy with CBC-1H at 0.04 gsy residual application
rates, Figure 16. The similar performance of CBC-1H (PG 70-28) and CSS-1H (PG 70-22)
may be attributed to the fact that both tack coat residues had comparable rheological
properties, Table 9.
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Figure 16. Effect of Tack Coat Material Type on ISS for the Nevada Project
4.4.6 Oklahoma Project
This project evaluated the effect of two types of tack coat materials (i.e., non-tracking rapid
setting CBC-1H and slow setting CSS-1H) on a PCC pavement surface. Figure 17 presents
the effect of tack coat materials on ISS at 0-month service. Both tack coat materials met the
minimum recommended ISS threshold value, Table 17. Both tack coats provided similar
(i.e., not statistically different) mean ISS values when comparing CSS-1H at 0.07 gsy with
CBC-1H at 0.04 gsy residual application rates. Similar performance of both materials may
be attributed to the fact that both CBC-1H (PG 64-22) and CSS-1H (PG 64-22) tack coat
residues had comparable rheological properties, Table 9.
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Figure 17. Effect of Tack Coat Material Type on ISS for the Oklahoma Project
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4.4.7 Summary of the Effect of Tack Coat material Type on Interface Shear Strength
This study evaluated the effect of six types of emulsified tack coat materials (i.e., slow
setting: SS-1H, CSS-1H, and SS-1, and non-tracking rapid setting: CBC-1H, CRS-1HBC,
and NTSS-1HM) on four pavement surface types; however, CRS-1HBC and SS-1 tack coat
materials were only evaluated on existing HMA and milled HMA surfaces. With respect to
the effect of tack coat material type on ISS, non-tracking rapid setting NTSS-1HM tack
coats exhibited the highest ISS in all surface types. This performance may be attributed to
the stiffer base asphalt cement used in non-tracking rapid setting NTSS-1HM tack coat,
Table 9. However, non-tracking rapid setting CBC-1H and CRS-1HBC tack coats showed
similar interface bonding in all projects when compared with slow setting SS-1H and CSS1H tack coats. This performance may be attributed to the similar rheological properties of
the residual asphalt binders. Furthermore, slow setting SS-1 tack coat material resulted in
the lowest ISS on a milled HMA pavement surface. The soft base asphalt cement used in
SS-1 (PG 46-28) tack coat material may be the reason for the lower interface bonding.

4.5 Effect of Pavement Surface Type on Interface Shear Strength
This study evaluated the effect of four types of pavement surfaces (i.e., milled HMA, new
HMA, existing HMA, and PCC) on interface bonding between pavement layers. Figure 18
illustrates the change in ISS immediately after overlay construction with pavement surface
types in all projects. On average, the milled HMA surface provided the highest ISS followed
by new HMA, existing HMA, and PCC surface types. As shown in the Table 10, the milled
HMA surface had the highest mean texture depth, which appears to be a leading factor
contributing to the higher mean ISS value. However, the SS-1 tack coat material in the
milled HMA exhibited an ISS value slightly below the minimum recommended ISS
threshold value of 40 psi, Figure 18. This observation may be attributed to the use of soft
base asphalt cement in the SS-1 (PG 46-28) tack coat material, Table 9. Moreover, the
existing HMA and PCC surface types showed similar performance in terms of ISS. It was
observed that the PCC surface in Missouri project exhibited the weakest interface bonding,
yielding ISS values below the minimum recommended ISS threshold of 40 psi. Inadequate
pavement surface conditions prior to the overlay and variability during construction could
be a leading reason for such performance.

4.6 Effect of Residual Application Rate on Interface Shear Strength
In some projects, each type of tack coat material was evaluated at two target residual
application rates, one specified by the state DOTs while the other one as recommended by
the NCHRP 9-40 study (Mohammad et al., 2012).
4.6.1 Louisiana Project
The Louisiana LA1053 project evaluated the effect of application rates for four types of tack
coat materials (i.e., three non-tracking rapid setting: two NTSS-1HM and one CBC-1H, and
one slow setting SS-1H) on a new HMA pavement surface type. Each type of tack coat
material was evaluated at two application rates. Figure 19 presents the effect of residual
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application rates on the mean ISS values at 0-month service. All residual application rates in
this project yielded ISS values greater than the minimum recommended ISS threshold of 40
psi, Table 13. In general, mean ISS values increased with the increase in tack coat residual
application rate for all types of tack coat materials. Furthermore, the increase of mean ISS
values with the increase in the residual application rate were statistically significantly for
NTSS-1HM (Blacklidge) and CBC-1H tack coat materials, Figure 19.
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Figure 18. Effect of Pavement Surface Type on ISS for All Projects
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Figure 19. Effect of Residual Application Rate on ISS for the Louisiana (LA 1053) Project
(Note: NTSS-1HM Non-tracking Rapid Setting Tack Coats had 1 PG 94-4 and 2 PG 88-10)
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4.6.2 Florida Project
Figure 20 presents the effect of residual application rate on the mean ISS values for an
existing HMA pavement surface type at 0-month service. Both slow setting SS-1H and nontracking rapid setting CRS-1HBC tack coat sections exceeded the minimum ISS threshold
value of 40 psi at a residual application rate of 0.04 gsy, Figure 20. As expected, both SS1H tack coat sections at 0.04 gsy residual application rates showed similar (i.e., not
statistically different) ISS values. In addition, the non-tracking CRS-1HBC tack coat at 0.02
gsy did not meet the minimum ISS threshold, but the mean ISS value increased significantly
at a residual application rate of 0.04 gsy, Figure 20.
4.6.3 Nevada Project
Figure 21 presents the effect of application rate on ISS for two types of tack coat materials
(i.e., non-tracking rapid setting CBC-1H, and slow setting CSS-1H) on a milled HMA
pavement surface at 0-month service. All ISS values were significantly higher than the
minimum recommended ISS threshold of 40 psi, Table 16. Furthermore, the mean ISS
values increased with an increase in the residual application rate; however, this increase was
not statistically significant for both tack coat materials, Figure 21.
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Figure 20. Effect of Residual Application Rate on ISS for the Florida Project

44

160

Interface Shear Strength, psi

Milled HMA
120
A

A

A

A

0.05 gsy

0.07 gsy

80

40

0
0.03 gsy

0.04 gsy
CBC-1H

CSS-1H

Tack Coat Residual Application Rate/ Material Type

Figure 21. Effect of Residual Application Rate on ISS for the Nevada Project
4.6.4 Oklahoma Project
Figure 22 presents the effect of residual application rates on ISS on a PCC pavement surface
at 0-month service. The mean ISS values for the materials evaluated were greater than the
minimum recommended ISS threshold value of 40 psi, Table 17. In general, the mean ISS
values increased slightly with an increase in residual application rate; however, this increase
was not statistically significant for both CBC-1H and CSS-1H tack coat materials.
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Figure 22. Effect of Residual Application Rate on ISS for the Oklahoma Project
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4.6.5 Summary of the Effect of Residual Application Rate on Interface Shear Strength
Within the evaluated residual application rate range, the mean ISS increased with an
increase in the residual application rate for all tack coat types and for all pavement surface
types. Furthermore, the effect of residual application rate on ISS was found to be
statistically significant for new HMA and existing HMA surface types.

4.7 Effect of Service Time on Interface Shear Strength
Core specimens were obtained from each field project at different service times to
investigate the effect of service time on interface bond strength for the evaluated pavement
surface types and tack coat materials.
4.7.1 Missouri Project
Figure 23 shows the variation of mean ISS with service time. To assess the effect of service
time on ISS, field cores were obtained at 0, 7, and 12 months of service. Although it was
originally scheduled to obtain the cores at an intermediate service time of 4 months, coring
was delayed to 7 months due to winter weather limitations. In general, the mean ISS
increased with service time for both tack coat materials and for all surface types as a result
of tack coat curing, Table 12. Similar observations were reported by Hachiya and Sato
(1997) and Sholar et al. (2004). Furthermore, least mean square (LSD) tests on the ISS test
results at the three service times revealed that interface bonding was not statistically
different for all surface types except for the non-tracking rapid setting NTSS-1HM tack coat
section on new HMA surface. Hence, service time had a significant effect in increasing the
interface bonding strength for the combination of new HMA surface and non-tracking rapid
setting NTSS-1HM tack coat material.
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Figure 23. Effect of Service Time on ISS for the Missouri Project
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4.7.2 Louisiana Project
For the Louisiana LA 30 project, roadway cores were obtained at service times of 0, 4, and
12 months. Figure 24 shows the variation of the mean ISS values at different service times
on a milled HMA pavement surface. As shown in Table 11, SS-1 tack coat section did not
meet the minimum recommended ISS threshold value at 0 and 4 months of service.
Statistical analysis on the ISS results revealed that interface bonding at 12 months of service
was significantly higher than that at 0 and 4 months for both NTSS-1HM and SS-1 tack
coats. Therefore, service time had a pronounced effect for both tack coat types.
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Figure 24. Effect of Service Time on ISS for the Louisiana (LA 30) Project

For the LA 1053 project, specimens were obtained at 0, 4, and 12 months of service
to determine the effect of service time on ISS on a new HMA pavement surface. Figure 25
shows the variation of the mean ISS values at different service times. All mean ISS values
for the tack coat materials evaluated were greater than the recommended ISS threshold value
of 40 psi, Table 13. The mean ISS values increased with service time due to the tack coat
curing effect. Statistical analyses on the ISS results at the three service times showed
statistical difference for all cases except for the NTSS-1HM (Blacklidge) sections, which
suggests the curing effect is less pronounced for non-tracking rapid setting NTSS-1HM
(Blacklidge) tack coat material at relatively low residual application rates, Figure 25.
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Figure 25. Effect of Service Time on ISS for the Louisiana (LA 1053) Project

4.7.3 Florida Project
This project evaluated the effect of two types of tack coat materials at two residual
application rates on ISS at service times of 0, 4, and 12 months on an existing HMA
pavement surface. Figure 26 shows the variation of the mean ISS values at different service
times. In general, the mean ISS values increased with service time for both tack coat
materials at both residual application rates, Table 14. Statistical analyses indicated
significantly different mean ISS values at different service times for both tack coat
materials. The SS-1H sections exhibited a considerable improvement in interface bonding
strength as compared to the non-tracking CRS-1HBC test sections. These results suggest
that the long-term curing effect may be more pronounced for slow setting SS-1H than for
non-tracking rapid setting CRS-1HBC tack coat.
4.7.4 Tennessee Project
For this project, specimens were obtained from the right wheel path of each test section at 3
and 12 months of service. While the original testing plan was to collect the first set of cores
immediately after overlay construction, problems associated with coring rigs necessitated
collection of the first set of cores at 3 months of service. Hence, only two service times were
considered for this project. Figure 27 presents the effect of service time on ISS on a milled
HMA pavement surface. All mean ISS values were significantly higher than the minimum
recommended ISS threshold value of 40 psi, Table 15. The mean ISS values increased with
service time due to tack coat curing. However, statistical analysis indicated that this increase
was not significant, Figure 27.
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Figure 26. Effect of Service Time on ISS for the Florida Project
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Figure 27. Effect of Service Time on ISS for the Tennessee Project
4.7.5 Nevada Project
This project evaluated the effect of two types of tack coat materials at two residual
application rates on ISS at service times of 0, 10, and 12 months on a milled HMA
pavement surface. While the original testing plan was to collect the second set of cores at 4
months of service, logistic issues related to the coring equipment required collection of the
second set of cores at 10 months of service. Figure 28 presents the effect of service time on
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ISS on a milled HMA pavement surface. All mean ISS values were higher than the
minimum recommended ISS threshold value of 40 psi, Table 16. As stated earlier, the high
surface roughness of the milled HMA pavement was a major contributing factor to the high
ISS values observed, Table 10. With respect to the effect of service time, all mean ISS
values increased with an increase in service time due to tack coat curing effect. Results of
LSD tests on the ISS test results at the three service times showed statistical significance for
all cases except for the CSS-1H at 0.05 gsy, Figure 28. Furthermore, the curing effect seems
to be more pronounced for the rapid setting non-tracking CBC-1H than for the slow setting
CSS-1H tack coat material.
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Figure 28. Effect of Service Time on ISS for the Nevada Project
4.7.6 Oklahoma Project
This project evaluated the effect of two types of tack coat materials at two residual
application rates on ISS at service times of 0, 4, and 12 months. Figure 29 presents the effect
of service time on ISS on a milled PCC pavement surface. All mean ISS values were higher
than the minimum recommended ISS threshold value of 40 psi, Table 17. In general, all
mean ISS values increased with service time due to tack coat curing. Statistical analyses on
the ISS values at the three service times showed significant difference for all cases except
for the CBC-1H at 0.03 gsy. Hence, the curing effect seemed to be more pronounced with
the use of non-tracking rapid setting CBC-1H at a relatively high residual application rate.

50

200

Interface Shear Strength, psi

PCC

0M

4M

12M

160

120

A

A

A
80
A

A
A

A

B

A

B

B

A
40

0
0.03 gsy

0.04 gsy

0.07 gsy

CBC-1H

0.08 gsy
CSS-1H

Tack Coat Residual Application Rate/ Material Type

Figure 29. Effect of Service Time on ISS for the Oklahoma Project
4.7.7 Summary of the Effect of Service Time on Interface Shear Strength
In summary, it was observed that interface bonding strength increased with service time in
all field projects and for all pavement surface types. This phenomenon was primarily
attributed to tack coat curing effect (Hachiya and Sato, 1997; and Sholar et al., 2004), which
seems to be more pronounced for the combination of slow setting tack coat materials and
new HMA pavement surface type. Furthermore, the curing effect of tack coat materials
seems to increase with the increase in the residual application rate.

4.8 Density Test Results
As shown earlier, interface bond strength improved with service time for all projects. In
addition to the tack coat curing effect, densification of overlays due to in-service trafficking
could be another contributing factor as suggested by Raab et al. (2012). In order to quantify
the effect of densification of HMA overlays on interface bonding and pavement structural
strength, air voids measurements were taken on the upper layer of the cores obtained for ISS
testing. Figure 30 presents a typical change in percent air voids with service time that was
obtained for the Oklahoma project. An increase in density with service time was observed in
all test sections due to trafficking. The effect of densification was more pronounced during
the first 4-month of service.

51

10
0M

PCC

4M

12M

Air Voids, %

8

6

4

2

0
0.03 gsy

0.04 gsy

0.07 gsy

CBC-1H

0.08 gsy
CSS-1H

Tack Coat Residual Application Rate/ Material Type

Figure 30. Densification of Overlay with Service Time for the Oklahoma Project

4.9 Analysis of Falling Weight Deflectometer Test Results
To evaluate the effect of structural condition and in-service trafficking on interface bond
strength, nondestructive evaluation of each test section was performed using FWD testing
equipment both prior to and after overlay construction at different service times. The
following presents the change in average center deflections with service time in all projects.
4.9.1 Missouri Project
A series of FWD tests were performed along the pavement sections prior to and after
overlay construction at 7-months and 12-months of service. Figure 31 presents the change in
average center deflections with service time for different pavement surface types
considered. In general, the average center deflections for all surfaces decreased after overlay
construction due to the added structural layer. Furthermore, a slight decrease in deflections
was noted with service time, which may be attributed to densification of the HMA overlays
due to in-service trafficking, and improved interface bonding with service time, Figure 23.
The average center deflections for the existing HMA surface were significantly higher
compared to other surface types, which may indicate poor structural conditions in these test
sections. However, the decreases in center deflections with service time on the existing
HMA surface were noticeably higher compared to other surfaces.
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Figure 31. Comparisons of FWD Center Deflections for the Missouri Project
4.9.2 Louisiana Project
In the Louisiana LA 30 project, a series of FWD tests were performed at 4-months and 12months of service. While the original experimental plan was to perform FWD testing before
and after construction of overlays, problems associated with construction necessitated FWD
testing at 4-months of service. Figure 32 presents the change in average center deflections
with service time. The average center deflections decreased slightly with service time.
Densification of HMA overlays due to in-service trafficking and improved interface
bonding due to tack coat curing (Figure 24) could be a reason for the decrease in FWD
center deflections.
Figure 33 presents the change in FWD center deflections with service time for the
Louisiana LA 1053 project. A series of FWD tests were performed along the pavement
sections before HMA overlay construction, and after construction at 4-months and 12months of service. In general, a decrease in average center deflections occurred in all test
sections after placement of HMA overlays due to added structural layer. Furthermore, a
slight decrease in FWD deflections occurred in all test sections except two test sections (i.e.,
NTSS-1HM (Blacklidge) at 0.01 gsy, and SS-1H test sections at 0.02 gsy). This decrease in
deflection could be due to the densification of overlays and improved interface bonding,
Figure 25.

53

40
Milled HMA

FWD Center Deflection, mills

35

4M

12M

30
25
20
15
10
5
0
0.06 gsy

0.06 gsy

NTSS-1HM

SS-1

Tack Coat Residual Application Rate/ Material Type

Figure 32. Comparisons of FWD Center Deflections for the Louisiana (LA 30) Project
40

FWD Center Deflection, mills

35

New HMA

Pre-overlay

4M

12M

0.02 gsy

0.03 gsy

30
25
20
15
10
5
0
0.01 gsy

0.02 gsy

NTSS-1HM¹

0.02 gsy

0.04 gsy

CBC-1H

0.02 gsy

0.03 gsy

NTSS-1HM²

SS-1H

Tack Coat Residual Application Rate/ Material Type

Figure 33. Comparisons of FWD Center Deflections for the Louisiana (LA 1053) Project
4.9.3 Florida Project
Figure 34 presents a comparison of the average FWD center deflections with service time
for Florida project. A series of FWD tests were performed along the test sections prior to
overlay construction, and after construction at 4-months and 12-months of service. As
shown in the figure, average center deflections decreased significantly after overlay
construction due to the added structural layer. Moreover, a slight decrease in deflection
occurred with service time, which can be attributed to the densification of HMA overlays
due to in-service trafficking and increase in interface bonding with time, Figure 26.
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Figure 34. Comparisons of FWD Center Deflections for the Florida Project
4.9.4 Tennessee Project
Figure 35 presents the change in average FWD center deflections with time for the
Tennessee project. A series of FWD tests were performed at 3-months and 12-months of
service. While the original experimental plan was to perform FWD testing before and after
construction of overlays, problems associated with construction difficulties allowed FWD
testing at 3-months of service. The average center deflections for all test sections decreased
with time due to densification of HMA overlays and improved interface bonding, Figure 27.
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Figure 35. Comparisons of FWD Center Deflections for the Tennessee Project
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4.9.5 Nevada Project
Figure 36 presents the change in average FWD deflections with time for the Nevada project.
As shown in the figure, the average center deflections at 0-month and 4-months of service
were the same; however, a slight decrease in deflection was observed at 12-months of
service. Densification of overlays due to trafficking and improved interface bonding could
be a reason for this decrease, Figure 28.

40
0M

FWD Center Deflection, mills

35

4M

12M

30
25
20
15
10
5
0
0.03 gsy

0.04 gsy

0.05 gsy

CBC-1H

0.07 gsy
CSS-1H

Tack Coat Residual Application Rate/ Material Type

Figure 36. Comparisons of FWD Center Deflections for the Nevada Project
4.9.6 Oklahoma Project
A series of FWD tests were performed prior to overlay construction, and after construction
at 4-months of service on two test sections (i.e., CBC-1H at 0.03 gsy and CSS-1H at 0.08
gsy). As shown in Figure 37, a slight decrease in the average center deflections occurred
after overlay construction due to the combined effect of added structural layer, densification
of overlays due to trafficking (Figure 30) and improved interface bonding due to tack coat
curing.
4.9.7 Summary of Falling Weight Deflectometer Test Results
Mean FWD center deflections decreased with service time in all field projects and for all
pavement surface types. This phenomenon was primarily attributed to the densification
effect of HMA overlays due to in-service trafficking, and improved interface bonding with
service time. Density test results in the Oklahoma project validated the densification of
overlays with service time.
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4.10 Relationship between ISS and FWD Center Deflection
Figure 38 presents a relationship between ISS test results and average FWD center
deflection measured in all field projects. In general, a decreasing trend of ISS measurements
was observed with increasing average FWD center deflection. This trend suggests that
surface deflection is affected by the interface bonding between pavement layers. However,
poor interface bond strength is noted in one project that possessed low FWD center
deflection. These data points are identified as the ones from PCC surface in the Missouri
project. This project exhibited the weakest interface bonding (<40 psi) and relatively low
average FWD center deflections (<10 mills). The low FWD center deflections may be
attributed to the type of composite pavement structure of the Missouri project (Ji, Y., 2009).
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Figure 38. Relationship between ISS and Mean FWD Center Deflection for All Projects
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4.11 Short-Term Performance of Test Sections
Figure 39 presents a histogram showing all individual ISS measurements from all projects
including different service times. The ISS results ranged between 0 and 180 psi. An ISS
value of zero indicates an already fractured interface during coring, while on the upper end,
the ISS value of 180 psi was obtained from milled HMA test sections after 12-months of
trafficking. In total, 320 samples were tested, and the average ISS value was 76 psi with a
standard deviation of 32 psi. As shown in the figure, approximately 72 percent of ISS
measurements were between 40 and 120 psi, which is within one standard deviation of the
mean ISS. Approximately 12 percent of ISS values did not meet the minimum ISS threshold
value of 40 psi as recommended by Mohammad et al. (2012). As expected, most of the test
sections evaluated, except a few sections in the Missouri project, performed satisfactorily in
the field, Figure 40.
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Figure 39. Histogram of ISS Measurements for All Tested Specimens
A pavement distress survey was performed over the entire length of each pavement
section in all projects after 12-months of service according to the procedures described in
the Distress Identification Manual for the Long-Term Pavement Performance Program
(Miller et al., 2003). Surveyed distress types included rutting and surface cracking
measurements. The test sections in all projects performed satisfactorily with no presence of
rutting and surface cracking, except a few sections in the Missouri project that exhibited low
to moderate surface cracking with no rutting. Figure 40 presents the relationship between
ISS test results and the number of surface cracks observed in all field projects. In the
Missouri project, the number of cracks increased noticeably when the average ISS dropped
below the minimum ISS threshold value of 40 psi.
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4.12 Interface Shear Strength Predictive Model Development
An interface shear strength predictive model was developed using the 0-month service ISS
test results. This model was expected to be used by practitioners during the planning of
overlay construction activities to select tack coat type and application rate, given the project
conditions. The field experimental program evaluated the effects of tack coat materials,
application rates, and pavement surface textures on ISS for four types of pavement surfaces
(i.e., milled HMA, new HMA, existing HMA, and PCC). For this purpose, field projects
were selected in different states and specimens were cored from the evaluated test sections.
It was determined from the ISS test results that interface bonding between pavement layers
depends on several factors, including pavement surface type, tack coat material type, surface
texture, and application rate. In an effort to identify the correlation with measured ISS
results, physical properties of pavement surface type (i.e., mean texture depth), residual
application rate, and characteristics of tack coat materials (i.e., penetration, softening point,
useful temperature interval, rotational viscosity, and high temperature performance grade)
were measured. The useful temperature interval can be defined as the difference between the
high temperature grading and the low temperature grading. All of these variables were
considered in the initial development of the predictive model.

4.13 Data Description for Model Development
As previously noted, the experimental program in NCHRP 9-40A consisted of ten field
projects in six states that included 33 in-service test sections. Therefore, 33 test conditions
were evaluated in the current project, which was not sufficient for model development and
validation. In order to overcome this limitation, LISST test data from the recently-completed
NCHRP 9-40 study were used to complement the data collected in NCHRP 9-40A. A
description of both NCHRP 9-40 and NCHRP 9-40A is provided below.
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4.13.1 NCHRP Project 9-40 Experimental Program
As part of the NCHRP 9-40, full-scale test sections were constructed at the Louisiana
Transportation Research Center Pavement Research Facility, including different types of
tack coat materials and application rates between a new HMA overlay and different
pavement surface types. The objective of the experimental program was to measure and
compare the ISS for different surface types, tack coat material types, and residual
application rates. Table 18 presents the experimental factorial conducted in NCHRP 9-40
study. Four types of pavement surfaces and four types of tack coat materials were evaluated;
however, only the SS-1H tack coat material was used on new HMA, and two emulsion
grades (i.e., SS-1H and SS-1) were used on milled HMA surface. Samples were collected
from the test sections and evaluated in the laboratory using the LISST device. Details of this
experimental program were presented elsewhere (Mohammad et al., 2012).
Table 18. NCHRP Project 9-40 Experimental Factorial
Variables1
Pavement surface type
Tack coat material

Content

Levels

Existing HMA, New HMA, Milled HMA, PCC

4

SS-1H, SS-1, CRS-1, NTSS-1HM

4

0.03, 0.06

2

Residual application rate, gsy

Note: 1A number of variables was partially evaluated according to the test factorial.
4.13.2 NCHRP Project 9-40A Experimental Program
Table 19 presents the experimental factorial conducted in NCHRP 9-40A study. Six types of
tack coat materials (i.e., slow setting: SS-1H, CSS-1H and SS-1, and non-tracking rapid
setting: CBC-1H, CRS-1HBC and NTSS-1HM) were evaluated on four pavement surface
types. However, CRS-1HBC and SS-1 tack coat materials were used only on existing HMA
and milled HMA surfaces. ISS test results were analyzed in relation to the measured
residual application rates. Residual application rates measured in the field experimental
program ranged from 0.01 to 0.08 gsy.
Table 19. NCHRP Project 9-40A Experimental Factorial
Variables
Pavement surface type
Tack coat material
Residual application rate, gsy

Content

Levels

Existing HMA, New HMA, Milled HMA, PCC
SS-1H, SS-1, CSS-1H, CRS-1HBC, CBC-1H,
NTSS-1HM
0.01-0.08

4

60

6
N/A

4.14 Model Development Methodology
To develop the proposed predictive model, the measured ISS at 0 month of service (i.e.,
immediately after overlay construction) was selected as the dependent variable, and
pavement type (i.e., HMA or PCC), surface texture depth, residual application rate, and tack
coat rheological properties were identified as potential independent variables. Surface type
and surface texture were selected as two distinct variables, because surface texture alone
was not sufficient to distinguish between HMA and PCC surfaces. Table 20 presents the
selected dependent and independent variables that were evaluated during model
development. ISS test data from NCHRP 9-40 and NCHRP 9-40A were utilized for both
model development and validation purposes. The data comprised 50 test sections and were
divided into 70% (i.e., 35 test sections) and 30% (i.e., 15 test sections) for model
development and validation, respectively. To determine the correlation between dependent
and independent variables, Statistical Analysis Software (SAS) was used to perform the
statistical analyses (e.g., Pearson’s correlation, coefficient of determination, and general
linear model procedure). Then, the stepwise variable selection method was used to identify
potential independent variables relevant in predicting the dependent variable. After
developing the linear regression model, multi-collinearity among independent variables was
evaluated using collinearity diagnostics (i.e., condition index, variance inflation factor, and
tolerance value). Finally, non-linear regression analysis was performed using the Excel
solver tool to obtain the most accurate predictive model. Test data for all independent
variables obtained from the evaluated test sections were evaluated initially for potential
correlation analysis, Table A-34 in Appendix. The following sections present two statistical
approaches of model development, namely, multiple linear regression analysis followed by
non-linear regression analysis.
Table 20. Selected Variables in Characterizing Interface Bonding
Variable

Description

Interface Shear Strength (ISS), psi

Maximum interface shear stress

Pavement Surface Type (PT)
Residual Application Rate (RES), gal/yd

HMA and PCC
2

Measured in the field during
construction

Mean Texture Depth (MTD), mm
Useful Temperature Interval (UTI), ºC
PG High Temperature (HPG), ºC
Penetration (PEN) @ 25oC, 100g, 5s, dmm

Rheological properties of tack coat
materials

Softening Point (SFPT), ºC
Rotational Viscosity (RV) @ 135°C, Pa.s
Note: 1Pavement surface type (PT) was selected as a discrete variable in the analysis based
on two clusters of pavement types that assume two values, 0 and 1, indicating whether the
pavement surface type was PCC or HMA, respectively. Differences in the HMA pavement
surface type are addressed by the mean texture depth (MTD).
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4.15 Multiple Linear Regression Analysis
The objective of the multiple linear regression (MLR) analysis was to model the relationship
between the dependent variable (Y) and the independent variables (Xs). The MLR model can
be represented using the following equation:
Y = βo + β1 X1+ …… + βK XK

(5)

where,
βo = regression coefficient for the intercept; and
βi = regression coefficients for the independent variables X1 through XK.
The first step in developing the MLR model is selecting the appropriate independent
variables to be included. This task involved computing the pairwise correlation coefficient
between any two of the variables expected to be used in the model. Adding more variables
in a multiple regression analysis may increase the coefficient of determination, r2, of the
model, but it does not necessarily mean that the model will provide better prediction. This
problem in regression analysis is called overfitting. Furthermore, large number of
independent variables will also increase the probability of including correlated independent
variables. Not only the independent variables can be potentially related to the dependent
variable, but also they can be related to each other. This problem is called multi-collinearity.
In the development of the MLR model, overfitting and multi-collinearity were evaluated.
To avoid overfitting and multi-collinearity problems, a stepwise regression analysis was
preformed using the SAS software including all independent variables to identify potential
independent variables relevant in predicting the dependent variable.
In the stepwise regression analysis, a significance level of 0.25 was selected for a
variable to be included in the model, and a variable has to be significant at the 0.15 level to
remain in the model. This significance level was determined based on the recommended
levels in SAS for stepwise regression analysis. The backward stepwise selection method
starts with all independent variables in the model and the F-statistic was calculated for each
independent variable. The least significant variables were removed from the model if they
did not meet the significance level; all dropped variables were then added back to the model
if they later appeared to be significant. This iterative procedure was repeated until no nonsignificant variables were left to be considered. Additionally, a linear regression analysis
was performed considering all variables to compare the results with the stepwise selection
method.
4.15.1 Pairwise Correlation Analysis
To avoid overfitting and multi-collinearity problems in the statistical predictive model, a
pairwise correlation analysis was performed. Collinearity or multi-collinearity can be
problematic in regression analysis because linearly correlated independent variables may
increase variance of the estimated regression coefficients, which makes them unstable and
difficult to interpret (Miller et al., 2015). Identification of this problem involves computing
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pairwise correlation coefficients between any two of all independent variables expected to
be used in the model. The Pearson’s product-moment correlation coefficient or the linear
correlation coefficient, r, is a measure of strength and direction of linear association between
the selected variables. This correlation coefficient is a convenient index of strength of the
linear relationship between two variables (Freund et al., 2006). The maximum value of
correlation coefficient varies from -1 to +1, and a value of zero indicates no relationship
between two variables. The sign of correlation coefficient indicates positive or negative
relationship between two variables. In general, a large absolute value of the correlation
coefficient (i.e., greater than 0.9) indicates potential multi-collinearity. The Pearson’s
correlation coefficient, r, can be defined by the following equation:
𝒓=

𝐧(∑ 𝐱𝐲)−(∑ 𝐱)(∑ 𝐲)

(6)

√[𝐧(∑ 𝐱 𝟐 )−(∑ 𝐱)𝟐 ][𝐧(∑ 𝐲 𝟐 )−(∑ 𝐲)𝟐 ]

where,
x = x-variable;
y = y-variable; and
n = number of variables.
Table 21 summarizes the Pearson correlation coefficients for all variables initially
considered. As expected, rheological properties of tack coat materials (i.e., PEN, SFPT, RV,
HPG, and UTI) were highly correlated with each other. Therefore, it was concluded that out
of the five rheological variables, one or two rheological variables that were most
significantly related to the others would be sufficient in the prediction model development.
Table 21. Summary of the Pearson Correlation Analysis
VAR

ISS

RES

MTD

PEN

SFPT

RV

HPG

UTI

ISS

1.00

0.76

0.66

-0.34

0.23

0.22

0.32

0.30

RES

0.76

1.00

0.34

-0.29

0.09

0.15

0.12

0.06

MTD

0.66

0.34

1.00

0.11

-0.13

-0.12

-0.08

0.05

PEN

-0.34

-0.29

-0.11

1.00

-0.87

-0.82

-0.88

-0.77

SFPT

0.23

0.09

-0.13

-0.87

1.00

0.93

0.95

0.77

RV

0.22

0.15

-0.12

-0.82

0.93

1.00

0.90

0.73

HPG

0.32

0.12

-0.08

-0.88

0.95

0.90

1.00

0.88

UTI

0.30

0.06

0.05

-0.77

0.77

0.73

0.88

1.00

Note: ISS = Interface Shear Strength, RES = Residual Application Rate, MTD = Mean
Texture Depth, PEN = Penetration, SFPT = Softening Point, RV = Rotational Viscosity,
HPG = High Performance Grade, and UTI = Useful Temperature Interval.
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4.15.2 Identification of Significant Independent Variables
ANOVA Analysis
An analysis of variance (ANOVA) between the dependent variable, ISS, and the
independent variables was conducted using SAS. The ANOVA provided a p-value that
helped to understand whether that independent variable was significant to the model or not.
Independent variables that were not statistically significant in the model were removed. If,
from the ANOVA analysis, a set of correlated variables are significant, then according to the
Pairwise Correlation Analysis, only one should be retained, and the selection can be made
based on the p-value. Table 22 summarizes the results of the ANOVA analysis. It was
observed that four independent variables (i.e., PEN, SFPT, RV and UTI) were not
statistically significant, and were therefore removed from the developed model.
Table 22. Summary of ANOVA Analysis
Variables
PT

F-value
62.24

P-value
<.0001

RES

98.17

<.0001

MTD
PEN
SFPT
RV
HPG
UTI

150.07
1.43
1.31
1.18
5.95
0.31

<.0001
0.242
0.263
0.287
0.022
0.584

Note: PT = Pavement Surface Type, RES = Residual Application Rate, MTD = Mean
Texture Depth, PEN = Penetration, SFPT = Softening Point, RV = Rotational Viscosity,
HPG = High Performance Grade, and UTI = Useful Temperature Interval.
Correlations between ISS and Significant Independent Variables
The coefficient of determination, r2, was calculated for all independent variables, which is
the square of the Pearson correlation coefficient, r. The r2-value is important because it
provides a measure of variation in the dependent variable that can be predicted from the
independent variables. Figures 41 present the correlations between the measured ISS and
mean texture depth (MTD), residual application rate (RES), and PG high temperature
(HPG), respectively. As shown in these figures, in general an increasing trend of ISS can be
noted for these three variables.
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Figure 41. Correlations between ISS and (a) Mean Texture Depth, (c) Residual Application
Rate, (d) PG High Temperature
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4.15.3 Model Development
A MLR analysis was conducted using the PROC REG procedure based on the list of
significant independent variables identified in the previous section. The following equation
presents the MLR model that was developed using the SAS software to predict ISS:
ISS = -69.5 + 17.9 × PT + 897.4 × RES + 27.7 × MTD + 0.49 × HPG

(7)

where,
ISS = predicted ISS, psi;
PT = pavement surface type (i.e., 0 = PCC and 1 = HMA);
MTD = mean texture depth, mm;
RES = residual application rate, gsy; and
HPG = high performance grade, ºC.
The range of values for parameters used for model development is as follows:
― Residual application rate (RES) is between 0.02 to 0.06 gsy
― Mean texture depth (MTD) is between 0.06 to 2.2 mm
― High performance grade (HPG) is between 50 to 100 ºC
Figure 42 illustrates the correlation between the measured and predicted ISS based
on the developed model. This figure shows a good correlation with an r2 value of 0.85. A
95% confidence interval was constructed from the MLR model. Similarly, a 95% prediction
interval, which indicates the range of values that is likely to contain the response value of a
single new observation in the model, was developed. The root-mean-squared error (RMSE)
or root-mean-squared deviation (RMSD) was also calculated as a measure of the difference
between the predicted and measured observations according to the following equation:

1

RMSE = √n ∑ni=1( yi − ŷi )2

(8)

where,
RMSE = root-mean-squared error;
yi = measured value;
ŷi = predicted value; and
n = number of observations.
The calculated RMSE was 8.9 psi. The range of measured ISS values used in model
development was between 19 and 99 psi; a wide range encompassing both poorly bonded
and strongly bonded tack coated interfaces.
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Figure 42. Predicted ISS versus Measured ISS (MLR Model Development)
4.15.4 Multi-collinearity Test
In multiple regression analysis, it is possible that there is no pairwise correlation, but a
combination of independent variables is correlated with some other combinations of
independent variables. The Variance Inflation Factor (VIF) is the most common statistic
factor used to verify this problem. VIF is a measure of inflation in the standard error (SE)
associated with a particular weight due to multi-collinearity. For example, a VIF of 8
implies that the standard errors are larger by a factor of 8 than would otherwise be the case,
if there are no inter-correlations between the predictor of interest and the remaining
predictor variables included in the multiple regression analysis. Various recommendations
for acceptable levels of VIF have been published in the literature. A value of 5 or 10 has
typically been recommended as the maximum level of VIF (Hair et al., 1998). Table 23
presents the multi-collinearity test results. The VIF values for all independent variables were
less than five, which indicates no multi-collinearity problem exists between and among the
independent variables.
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Table 23. Multi-collinearity Analysis Test Results
Variable

SE

t-value

P-value

Tolerance

VIF

Intercept

11.9

-5.85

<.0001

N/A

N/A

PT

3.9

4.60

<.0001

0.94

1.06

RES

142.8

6.28

<.0001

0.80

1.25

MTD

4.1

6.72

<.0001

0.77

1.29

HPG

0.13

3.78

.0007

0.98

1.03

Note: PT = Pavement Surface Type, RES = Residual Application Rate, MTD = Mean
Texture Depth, and HPG = High Performance Grade.
4.15.5 Model Validation

Predicted Interface Shear Strength, psi

As previously noted, 30% of the observations were used in the model validation phase.
Figure 43 presents the validation of the proposed linear model by comparing the measured
and predicted ISS values. There was an acceptable correlation between the measured and
predicted ISS values with an r2 value of 0.80 and a RMSE value of 6.8 psi. The range of
measured ISS values used for model validation was between 27 and 75 psi.

95% Prediction Limits
95% Confidence Limits
Regression

R2 = 0.80
RMSE = 6.8

Measured Interface Shear Strength, psi

Figure 43. Predicted ISS versus Measured ISS (MLR Model Validation)
As previously mentioned, the MLR model showed an r2 value of 0.85 with an RMSE
value of 8.9 psi in the development phase. Based on the range of measured ISS (19 to 99
psi) and RMSE, the percentage error would range between 9 and 47%. The coefficient of
variation of the RMSE is 16.6% for the RMSE value of 8.9 psi, which is calculated by
normalizing RMSE by the mean value of ISS (i.e., 53.6 psi) used in model development.
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This coefficient of variation is deemed acceptable. However, if the minimum ISS value (i.e.,
19 psi) is used to normalize RMSE, the obtained percentage error is 47%, which was
considered high and may not be acceptable. This motivated to evaluate non-linear regression
analysis to achieve better prediction accuracy. The following section presents the
development of the non-linear regression model.

4.16 Non-linear Regression Analysis
Non-linear regression analysis is a statistical technique that is used to describe a non-linear
relationship between dependent and independent variables. Non-linear regression models
are generally assumed parametric, where the model is described as a non-linear equation.
Non-linear regression uses several algorithms including the Gauss-Newton, MarquardtLevenberg, Nelder-Mead, and Steepest descent methods (Johnson, 1992). The principle of
this method is the same as linear regression analysis, which is to minimize the sum of
squared error (SSE) between data and the fitted values (Brown, 2001). An iterative nonlinear least square fitting method was employed using the Excel Solver tool to develop the
non-linear regression model. The Solver tool uses an iteration protocol that is based on the
robust and reliable Generalized Reduced Gradient method. This method requires an initial
estimate of the parameter values based on prior experience or reasonable guess of the
function used to fit the data. The iteration is repeated by changing the parameter values and
functions until the minimum possible value of the sum of squared error is achieved.
4.16.1 Model Development
After approximately 30 different model forms were attempted, the following equation
represents the most accurate non-linear model form that was developed to predict the ISS:
ISS =

3
× [(MTD + PT)3 + 8 × HPG × RES]
2

where,
ISS = predicted ISS, psi;
PT = pavement surface type (i.e., 0 = PCC and 1 = HMA);
MTD = mean texture depth, mm;
RES = residual application rate, gsy; and
HPG = high performance grade, ºC.
The range of values for parameters used for model development is as follows:
― Residual application rate (RES) is between 0.02 to 0.06 gsy
― Mean texture depth (MTD) is between 0.06 to 2.2 mm
― High performance grade (HPG) is between 50 to 100 ºC
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(9)

Predicted Interface Shear Strength, psi

Figure 44 illustrates the correlation between the predicted and measured ISS based
on the developed non-linear regression model. The model showed an excellent r2 value of
0.95 with an RMSE value of 4.8 psi. Recall that the range of measured ISS values used for
model development was between 19 and 99 psi, representing both poorly bonded and
strongly bonded tack-coated interface.

95% Prediction Limits
95% Confidence Limits
Regression

R2 = 0.95
RMSE = 4.8

Measured Interface Shear Strength, psi

Figure 44. Predicted ISS versus Measured ISS (NLR Model Development)
4.16.2 Model Validation
Figure 43 presents validation of the proposed non-linear model by comparing the measured
and predicted ISS values. The validation was performed using a different dataset that was
independent from the one used for model development. There was a good correlation
between the measured and predicted ISS values with an r2 value of 0.84 and a RMSE value
of 6.2 psi. The range of measured ISS values used for model validation was between 27 and
75 psi.
The non-linear regression model showed an r2 value of 0.95 with an RMSE value of
4.8 psi in the development phase and an r2 of 0.84 with an RMSE of 6.2 psi in the validation
phase. Based on the range of the measured ISS values and RMSE, the percentage error
ranged from 5% to 25%, which was a considerable reduction compared to the linear model
and was deemed acceptable. It is thus indicated that the non-linear regression is a more
suitable approach than linear regression, as better prediction accuracy was accomplished.
Hence, the developed non-linear model was selected as the recommended predictive model
to estimate interface bonding during planning of overlay construction activities.
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R2 = 0.84
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Figure 45. Predicted ISS versus Measured ISS (NLR Model Validation)

4.17 Illustrative Applications of the ISS Predictive Model
During the planning of overlay construction activities, a contractor and/or state agency may
be interested in selecting a tack coat material and application rate that would provide
adequate ISS at the site. Table 24 presents application of the developed non-linear predictive
model in estimating interface shear strength (ISS) values. Four mean texture depth (MTD)
values were selected as default MTD values for different pavement surface types based on
the measured mean MTD values shown in Table 10. Five types of tack coat materials were
selected based on HPG, i.e., high (NTSS-1HM), intermediate (CBC-1H, SS-1H and CSS1H), and low (SS-1); the corresponding HPG values are set as default in Table 24.
Furthermore, various residual application rates (RES), i.e., low (0.035 gsy), medium (0.045
gsy), and high (0.055 gsy), for each type of tack coat material and surface type are presented
in Table 24. The high PG tack coat material (NTSS-1HM) showed the highest interface
bonding (i.e., 87 psi) for milled HMA surface type at the highest application rate (i.e., 0.055
gsy), while the low PG tack coat material (SS-1) showed the minimum interface bonding
strength (i.e., 26 psi) for PCC pavement surface at the lowest application rate (i.e., 0.035
gsy). These estimated ISS values showed good agreement with the measured ISS values
obtained from the current study.
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Table 24. Illustrative Applications of the Predictive Model: (a) Surface Type - Milled HMA
MTD = 1.77 mm, and PT = 1
Tack Coat Type

HPG

RES

Predicted ISS

84

0.055

87

84

0.045

77

84

0.035

67

72

0.055

79

72

0.045

71

72

0.035

62

50

0.055

65

50

0.045

59

50

0.035

53

NTSS-1HM

CBC-1H/SS-1H/CSS-1H

SS-1

(b) Surface Type - New HMA
MTD = 0.91 mm, and PT = 1
Tack Coat Type

HPG

RES

Predicted ISS

84
84

0.055
0.045

66
56

84

0.035

46

72

0.055

58

72

0.045

49

72

0.035

41

50

0.055

43

50

0.045

37

50

0.035

31

NTSS-1HM

CBC-1H/SS-1H/CSS-1H

SS-1

Note: RES = Residual Application Rate; MTD = Mean Texture Depth; PT = Pavement
Surface Type (i.e., 0 = PCC and 1 = HMA), and HPG = High Performance Grade.

(Table 24 continued)
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(c) Surface Type - Existing HMA
MTD = 0.97 mm, and PT = 1
Tack Coat Type

HPG

RES

Predicted ISS

84

0.055

67

84

0.045

57

84

0.035

47

72

0.055

59

72

0.045

50

72

0.035

42

50

0.055

44

50

0.045

38

50

0.035

32

NTSS-1HM

CBC-1H/SS-1H/CSS-1H

SS-1

(d) Surface Type - PCC
MTD = 1.49 mm, and PT = 0
Tack Coat Type

HPG

RES

Predicted ISS

84

0.055

60

84

0.045

50

84

0.035

40

72

0.055

52

72

0.045

44

72

0.035

35

50

0.055

38

50

0.045

32

50

0.035

26

NTSS-1HM

CBC-1H/SS-1H/CSS-1H

SS-1

Note: RES = Residual Application Rate; MTD = Mean Texture Depth; PT = Pavement
Surface Type (i.e., 0 = PCC and 1 = HMA), and HPG = High Performance Grade.
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CHAPTER 5: SUMMARY AND CONCLUSIONS
The main objective of this project was to evaluate the effects of pavement surface type, tack
coat material type, and residual application rate on the interface shear strength and pavement
performance using the LISST test method. Results of this project will be used to support the
potential implementation of the LISST test method developed in NCHRP Project 9-40 in
field projects by state DOTs. Effects of interface bonding on short-term pavement
performance were also evaluated. The experimental program encompassed ten field projects
in six states that included 33 in-service test sections to quantify the effects of the selected
variables. Field projects included new, existing, and milled HMA pavement surfaces, and
grooved Portland cement concrete (PCC) pavement surfaces. Each field project included at
least one slow setting and one rapid setting non-tracking tack coat materials, thereby
creating one or more pairs of tack coats for the comparison purpose.
During the course of the experimental program, tack-coat distributor truck
calibration and pavement surface texture measurement were performed in each field project
prior to overlay construction. Moreover, falling weight deflectometer tests, and distress
surveys were conducted both prior to and following the overlay construction. HMA overlay
construction used different types of tack coat materials at various residual application rates
between the overlay and underlying pavement layers. In total, six types of emulsified tack
coat materials were evaluated. Quality and rate of tack coat application were evaluated
during construction. Samples were cored from the test sections to measure ISS, and tack
coat materials were collected for laboratory characterization. These measurements were
used to validate the proposed test method and criterion, and to relate the measurements with
the observed field performance. Furthermore, an ISS predictive model was developed,
which may be used by practitioners during the planning of overlay construction activities,
i.e., selection of tack coat type and application rate given the project conditions. Based on
the findings of this study, the following conclusions were drawn with respect to interface
bonding:








For the effect of emulsified tack coat material type, non-tracking rapid setting tack coats
with stiff base asphalt cement exhibited the highest interface shear strength, and slow
setting resulted in the lowest. However, non-tracking rapid setting tack coats with soft
asphalt cement showed similar interface bonding when compared with slow setting tack
coats due to similar rheological properties of the residual asphalt binders.
For the effect of pavement surface type, it was observed that the interface shear strength
was largely dependent on the type of pavement surface receiving tack coat (i.e., HMA
versus PCC) and pavement surface texture (i.e., milled versus non-milled). In general,
milled HMA surface yielded the highest interface shear strength, followed by new
HMA, existing HMA, and PCC surface types.
For the effect of residual application rate, within the evaluated residual application rate
range, the mean interface shear strength improved with the increase in the residual
application rate for all tack coat types and for all pavement surface types.
For the effect of service time, interface-bonding strength increased with service time in
all field projects and for all pavement surface types. This phenomenon was primarily
attributed to tack coat curing, which was more pronounced with slow setting tack coat
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materials on new HMA pavement surfaces. Further, the curing effect of tack coats
increased with the increase in the residual application rate.
With respect to falling weight deflectometer test results, the mean center deflection
decreased with service time in all field projects and for all pavement surface types. This
phenomenon was primarily attributed to the densification effect of HMA overlays due to
in-service trafficking and improved interface bonding with service time.
With respect to short-term pavement performance, laboratory measured interface shear
strength values correlated well with short-term cracking performance of field pavements.
Test sections in all field projects performed satisfactorily with regard to rutting and
surface cracking, except a few test sections that did not meet the minimum
recommended interface shear strength threshold value of 40 psi.
With respect to the developed non-linear ISS predictive model, good agreement between
the measured and predicted interface shear strength values was demonstrated.

5.1 Recommendations






This study validates that the Louisiana Interface Shear Strength Test (LISST) is a valid
test method to determine interface shear strength between pavement layers. Using this
test setup, effects of pavement surface types, tack coat material types, tack coat
application rates and methods, and service time can be evaluated accurately. Hence, this
test method is recommended for the quality control and quality assurance testing of the
tack coat construction processes and to evaluate interface-bonding conditions of inservice pavements.
The minimum recommended interface shear strength threshold value of 40 psi was
identified as an appropriate criterion for satisfactory pavement performance. This study
recommends using 40 psi as a specification tool to avoid premature debonding between
pavement layers.
The developed predictive model can be used by practitioners during the planning phase
to select tack coat type and application rate given the conditions in the field. Default
values are provided to assist in the use of the predictive model in the field. In addition,
caution should be exercised in using ISS prediction model for values of parameters
outside the ones considered in model development.
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APPENDIX: SUPPLEMENT DATA
Table A-25. NCHRP Project 9-40A Checklist

Task Need to Perform
Before Construction:
 Calibrate the tack coat distributor truck according to ASTM D 2995 (Method A);
 Measure existing pavement surface texture according to ASTM E 965;
 Perform a manual distress survey in accordance with LTPP distress identification manual
(Miller et al., 2003); and
 Perform Falling Weight Deflectometer test throughout the test section at 50-ft. intervals.
During Construction:
 Identify and mark the section location, and record GPS coordinates;
 Take pictures of the existing pavement, tack coat application, overlay construction and so
forth;
 If Possible record a video showing the sweeping practices and tack coat application;
 Fill out the site information sheet, Table 26;
 Measure total application rate in the field according to ASTM D 2995 (Method A);
 Collect tack coat material samples from the distributor truck in a plastic bottle (1 gallon);
 Measure tack coat application temperature;
 Identify the on-site dilution rate (if any); and
 After compaction identify section location for future reference and mark coring location.
After Construction:
 Collect at least three 150-mm (5.91-in.) core samples along the right wheel path of each test
section at 0-, 4-, and 12-months service time;
 Record air and pavement temperature during coring, and label the cored specimen indicating
traffic direction and core number;
 Perform Falling Weight Deflectometer test at 0-, 4-, and 12-months service time; and
 Perform a manual distress survey in accordance with LTPP distress identification manual
(Miller et al., 2003) after 12-months of service.

Information Need to Collect





Collect construction contract and structural X-section information;
Collect material and layer properties, and traffic volume;
Collect mixture design data, i.e., plant type, job mixture formula, RAP content and NMAS;
Collect tack coat distributor truck characteristics, (i.e., model, year, nozzle type, spray bar
width, truck speed, and spray bar height);
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Table A-26. Site Information Collection Form
Location:
Section:

GPS Coordinates:
Time:

Date:

Traffic Level:
Air Temp.:
Contractor:

Climate Region:
Pavement Temp.:
Supervisor:

Pavement Condition Prior to Tack Coat Application
Cleanliness (presence of dust, water or other deleterious material):

General Appearance (alligator cracks, dry, flush, rut depth, raveling, patches etc.):

Surface Preparation Procedure:

Overlay Information
Plant Type:
Overlay Thickness:

NMAS:
Number of lanes:

RAP Content:
Design Air void Content:

Compaction Temp.:
General Comments:

Paver Type:

Compactor Type:
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Figure A-46. Identification of Distresses on a PCC Pavement in the Oklahoma Project

82

Table A-27. Rheological Test Results of Tack Coat Residues for Missouri Project
Test Property

AASHTO Method

Specification

NTSS-1HM

SS-1H

1.75 (94°C)

1.44 (64°C)

0.92 (100°C)

0.68 (70°C)

2.36 (135°C)

0.24 (135°C)

0.52

0.24

2.84 (94°C)

3.73 (64°C)

1.47 (100°C)

1.70 (70°C)

5217 (37°C)

6065 (19°C)

3870 (40°C)

4225 (22°C)

174 (0°C)

120 (-12°C)

329 (-6°C)

-

0.318 (0°C)

0.337 (-12°C)

0.263 (-6°C)

-

PG 94-10

PG 64-22

Original Binder / Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10 rad/s,
G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa 60s

T 313

Bending Beam Creep
stiffness, m-value 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-28. Rheological Test Results of Tack Coat Residues for Florida Project
Test Property

AASHTO Method

Specification

CBC-1H

SS-1H

1.07 (64°C)

2.06 (64°C)

0.56 (70°C)

0.95 (70°C)

0.20 (135°C)

0.32 (135°C)

0.51

0.24

2.35 (70°C)

3.35 (64°C)

1.16 (76°C)

1.51 (70°C)

6300 (19°C)

7060 (19°C)

4723 (22°C)

4827 (22°C)

259 (-18°C)

380 (-18°C)

123 (-12°C)

167 (-12°C)

0.266 (-18°C)

0.273 (-18°C)

0.301 (-12°C)

0.340 (-12°C)

PG 94-10

PG 64-22

Original Binder / Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10
rad/s, G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa 60s

T 313

Bending Beam Creep
stiffness, m-value 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-29. Rheological Test Results of Tack Coat Residues for Louisiana (LA 30) Project
Test Property

AASHTO Method

Specification

NTSS-1HM

SS-1

1.59 (82°C)

2.04 (46°C)

0.77 (88°C)

0.90 (52°C)

1.46 (135°C)

0.67 (135°C)

0.26

0.37

4.16 (82°C)

4.12 (46°C)

1.99 (88°C)

1.73 (52°C)

6549 (34°C)

6620 (13°C)

4628 (37°C)

3833 (16°C)

320 (-6°C)

344 (-24°C)

173 (0°C)

159 (-18°C)

0.256 (-6°C)

0.280 (-24°C)

0.313 (0°C)

0.340 (-18°C)

PG 82-10

PG 46-28

Original Binder / Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer, 135°C,
20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10 rad/s, G*sin
δ, kPa

T 315

Bending Beam Creep stiffness,
S, MPa 60s

T 313

Bending Beam Creep stiffness,
m-value 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-30. Rheological Test Results of Tack Coat Residues for Louisiana (LA 1053) Project:
(a) NTSS-1H (Blacklidge Emulsion) and CBC-1H Tack Coat Materials
Test Property

AASHTO Method

Specification

NTSS-1HM

CBC-1H

1.83 (94°C)

1.95 (70°C)

0.94 (100°C)

0.97 (76°C)

4.63 (135°C)

0.55 (135°C)

0.32

0.18

2.91 (94°C)

4.40 (70°C)

1.45 (100°C)

2.08 (76°C)

5970 (37°C)

5360 (22°C)

4555 (40°C)

4113 (25°C)

154.0 (0°C)

130.6 (-12°C)

80.6 (6°C)

75.2 (-6°C)

0.290 (0°C)

0.274 (-12°C)

0.341 (6°C)

0.326 (-6°C)

PG 94-4

PG 70-16

Original Binder / Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10 rad/s,
G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa 60s

T 313

Bending Beam Creep
stiffness, m-value 60s

T 313

5000-

300-

0.300+

PG Grading

(Table A-30 Continued)
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(b) NTSS-1H (Asphalt Products Unlimited) and SS-1H Tack Coat Materials
Test Property

AASHTO Method

Specification

NTSS-1HM1

SS-1H

1.69 (88°C)

1.22 (70°C)

0.85 (94°C)

0.60 (76°C)

2.69 (135°C)

0.55 (135°C)

0.16

0.38

2.77 (88°C)

2.07 (70°C)

1.36 (94°C)

4.55 (76°C)

3820 (43°C)

3665 (25°C)

5185 (40°C)

5125 (22°C)

377.7 (-6°C)

355.5 (-18°C)

210.7 (0°C)

171.0 (-12°C)

0.251 (-6°C)

0.285 (-18°C)

0.304 (0°C)

0.320 (-12°C)

PG 88-10

PG 70-22

Original Binder / Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10 rad/s,
G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa 60s

T 313

Bending Beam Creep
stiffness, m-value 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-31. Rheological Test Tesults of Tack Coat Residues for Tennessee Project
Test Property

AASHTO Method

Specification

CBC-1H

NTSS-1HM

CSS-1H

1.34 (70°C)

1.34 (100°C)

1.87 (64°C)

0.66 (76°C)

0.73 (106°C)

0.88 (70°C)

7.28

0.26

0.80

0.27

3.90 (70°C)

3.09 (100°C)

4.22 (64°C)

1.89 (76°C)

1.67 (106°C)

1.95 (70°C)

3940 (25°C)

4320 (40°C)

4210 (22°C)

5170 (22°C)

5465 (37°C)

5500 (19°C)

156.0 (-12°C)

254.3 (-6°C)

240.0 (-18°C)

50.6 (-6°C)

137.0 (0°C)

130.3 (-12°C)

0.302 (-12°C)

0.255 (-6°C)

0.283 (-18°C)

0.356 (-6°C)

0.305 (0°C)

0.315 (-12°C)

PG 70-22

PG 100-10

PG 64-22

Original Binder / Emulsion Residual
Dynamic Shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational Viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+

≤ 3.0

0.25

Rolling Thin-Film Oven Residue
Mass Change, %

T 240

1.0-

Dynamic Shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

0.28

Pressure Aging Vessel Residue
Dynamic Shear, 10
rad/s, G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa, 60s

T 313

Bending Beam Creep
stiffness, m-value, 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-32. Rheological Test Tesults of Tack Coat Residues for Nevada Project
Test Property

AASHTO Method

Specification

CSS-1H

CBC-1H

1.11 (70°C)

1.44 (70°C)

0.55 (76°C)

0.74 (76°C)

0.56

0.54

0.18

0.26

2.36 (70°C)

2.24 (70°C)

1.13 (76°C)

1.17 (76°C)

3870 (25°C)

4735 (22°C)

5315 (22°C)

6240 (19°C)

155.0 (-12°C)

130.0 (-12°C)

316.7 (-18°C)

261.7 (-18°C)

0.318 (-12°C)

0.330 (-12°C)

0.278 (-18°C)

0.297 (-18°C)

PG 70-22

PG 70-22

Original Binder / Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10 rad/s,
G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa 60s

T 313

Bending Beam Creep
stiffness, m-value 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-33. Rheological Test Tesults of Tack Coat Residues for Oklahoma Project
Test Property

AASHTO Method

Specification

CBC-1H

CSS-1H

2.03 (64°C)

1.94 (64°C)

0.98 (70°C)

0.97 (70°C)

0.91

0.94

0.84

0.44

2.24 (64°C)

2.44 (64°C)

1.40 (70°C)

2.08 (70°C)

3985 (25°C)

3910 (25°C)

5130 (22°C)

5510 (22°C)

140.7 (-12°C)

130.6 (-12°C)

245.0 (-18°C)

338.7 (-18°C)

0.304 (-12°C)

0.346 (-12°C)

0.271 (-18°C)

0.267 (-18°C)

PG 64-22

PG 64-22

Original Binder/ Emulsion Residual
Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

Rotational viscometer,
135°C, 20 rpm, Pa.S

T 316

1.0+
≤ 3.0

Rolling Thin-Film Oven Residue
Mass change, %

T 240

1.0-

Dynamic shear
10 rad/s, G*/sin δ, kPa

T 315

2.20+

Pressure Aging Vessel Residue
Dynamic shear, 10 rad/s,
G*sin δ, kPa

T 315

Bending Beam Creep
stiffness, S, MPa 60s

T 313

Bending Beam Creep
stiffness, m-value 60s

T 313

5000-

300-

0.300+

PG Grading
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Table A-34. Test Results for the ISS Predictive Model Development and Validation
ID

Surface Type

Tack Type

PG Grading

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

New HMA
New HMA
New HMA
New HMA
New HMA
New HMA
New HMA
New HMA
Milled HMA
Milled HMA
Milled HMA
Milled HMA
Milled HMA
Milled HMA
Milled HMA
Milled HMA
Milled HMA
Existing HMA
Existing HMA
Existing HMA
Existing HMA
PCC
PCC
PCC
PCC
PCC
New HMA
Milled HMA
Milled HMA
Existing HMA
Existing HMA
Existing HMA
Existing HMA
PCC
PCC

NTSS-1HM
SS-1H
NTSS-1HM
NTSS-1HM
NTSS-1HM
CBC-1H
SS-1H
SS-1H
CBC-1H
NTSS-1HM
CSS-1H
CBC-1H
CSS-1H
SS-1H
NTSS-1HM
SS-1H
SS-1
NTSS-1HM
SS-1H
CRS-1
SS-1H
CSS-1H
CBC-1H
NTSS-1HM
SS-1H
CSS-1H
SS-1H
SS-1H
SS-1H
NTSS-1HM
SS-1H
SS-1H
NTSS-1HM
SS-1H
SS-1H

94-10
64-22
94-4
94-4
88-10
70-16
70-22
70-22
70-22
100-10
70-22
70-28
64-22
64-22
82-10
70-22
46-28
94-10
64-22
64-22
64-22
64-22
64-22
94-10
64-22
64-22
70-22
70-22
70-22
82-NA
70-22
70-22
82-NA
70-22
70-22

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

New HMA
New HMA
Milled HMA
Milled HMA
Existing HMA
Existing HMA
PCC
New HMA
Milled HMA
Milled HMA
Existing HMA
Existing HMA
PCC
PCC
PCC

NTSS-1HM
CBC-1H
NTSS-1HM
CBC-1H
CRS-1
SS-1H
CBC-1H
SS-1H
SS-1H
SS-1
NTSS-1HM
CRS-1
NTSS-1HM
SS-1H
SS-1

88-10
70-16
94-10
70-28
64-22
64-22
64-22
70-22
70-22
58-28
82-NA
58-28
82-NA
70-22
58-28

RES, gal/yd2

MTD, mm

PEN, dmm

SFPT, ºC

ISS, psi

0.98
0.84
0.96
0.95
0.98
0.97
0.96
0.95
2.14
1.98
2.14
1.94
1.64
1.81
1.73
1.62
1.38
0.98
0.99
0.92
0.96
1.84
1.68
1.25
1.27
1.92
0.63
1.27
1.27
1.09
0.91
0.91
0.98
1.23
1.23

9
71
8
8
9
40
45
45
48
8
53
58
66
71
9
53
99
9
71
50
98
53
53
9
71
53
38
38
38
8
38
38
8
38
38

82
51
78
78
73
56
56
56
55
79
52
52
53
51
78
52
44
82
51
53
46
51
55
82
51
51
53
53
53
76
53
53
76
53
53

57.3
36.5
55.6
61.3
76.1
66.5
47.7
43.6
98.0
99.2
89.6
80.8
77.8
67.3
79.7
75.1
37.9
38.0
31.2
23.9
42.2
54.3
49.9
32.4
20.1
55.0
31.2
51.3
50.7
44.4
34.2
60.3
65.4
32.0
54.9

1.21
0.94
1.42
1.63
0.81
0.83
1.63
0.63
1.23
1.17
1.09
0.98
1.23
1.23
1.23

9
40
9
58
50
98
53
38
38
100
8
111
8
38
100

73
56
82
52
53
46
55
53
53
42
76
43
76
53
42

68.1
40.1
70.9
68.5
41.9
39.2
44.0
29.3
48.5
27.0
44.4
29.0
65.2
44.9
15.0

Model Development
0.04
0.04
0.04
0.05
0.06
0.05
0.04
0.03
0.06
0.05
0.06
0.04
0.05
0.05
0.05
0.05
0.04
0.03
0.03
0.02
0.05
0.04
0.04
0.03
0.02
0.05
0.03
0.03
0.03
0.03
0.03
0.06
0.06
0.03
0.06

Model Validation
0.04
0.03
0.05
0.04
0.04
0.04
0.05
0.03
0.03
0.03
0.03
0.03
0.06
0.06
0.03

Note: ISS = Interface Shear Strength, RES = Residual Application Rate, MTD = Mean Texture
Depth, PEN = Penetration, SFPT = Softening Point. Test results from previous study are shaded.
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